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Summary 
 
This research mainly aims to study and develop a multi-process approach to improve and 
enhance the machining of brittle materials like glass using a PCD tool. A combined block-EDM 
and micro-grinding process is proposed where the micro-grinding process is applied to the glass 
following the block-EDM operation on PCD tool. The intregrated block-EDM and micro-
grinding process is conducted in a single setup, which does not involve the taking out of the PCD 
tool after fabrication and hence can improve the accuracy in the fabrication of micro-features on 
glass. Firstly, the experimental investiagation has been performed to  find  the optimum  block-
EDM  parameters for the PCD tool preparation considering  the better surface finish on the glass 
material. Using the optimum tool, in depth investigation has been carried out to find out the 
optimum grinding condtions. It is envisaged that considering the machining time, optimum 
parameters for micro-EDM was found to be 120 V, 1000 pF and 30 µm feed length. An axial 
depth of cut of 2 µm and feed rate of 1 µm/min was found to be optimum in terms of cutting forces 
and achieved surface finish. In addition to this, BK7 glass was also found to provide better 
machinability based on cutting force and surface roughness (12.79 nm) analysis among three 
different kinds of glasses. Other than optimum machining condition, feasibility of fabrication of 
different geometry of grinding tools along with desired size and their effect on grinding glass has 
been studied. It is found that with the concept of block micro-EDM and application of the 
specifically designed block, microelectrodes of conical, triangular, square or rectangular, 
circular and D-shaped tool were possible to fabricate successfully in a single set-up which 
eliminates the usage of another machine when different shape micro-structure is needed on the 
glass material. In addition to this, it is found that the D-shape tool demonstrated better 
performances among all the  four tools( circular, D-shaped, triangular, square) considered in 
terms of cutting force, roughness value, side surface and wear rate due to its geometry, with 
enhanced  chip removal form the machined surface. 
 
Thirdly, in order to comprehend the usage time of this newly developed on-machine fabricated 
PCD tool in case of glass machining, wear analysis and monitoring the wear process has been 
carried out also. The G ratio for this PCD micro tool was found to be nearly 940 indicating the 
greater wear resistance of the tool even against the abrasive material like glass. Edge chipping 
and abrasive wear were found to take place on the tool surface in the three steps of wear 
progression, which is initial, intermediate and severe. Moreover, the continuous monitoring of 
Summary          
 
 viii 
AE signal is found to give an indication of tool topographic condition, i.e. sharpness and 
bluntness of PCD cutting edge during micro-grinding. In addition to this, glass cutting 
mechanism has been investigated using surface and sub-surface condition analysis to understand 
the effect of machining condition in this process. It is found that the ground surface consists of 
four different types; (a) smooth; (b) fractured; (c) smeared; (d) ploughing striations. Both the 
damage depth and surface roughness are found to be influenced by the depth of cut, feed rate, 
and spindle speed. In addition, two major types of grinding damage have been identified to likely 
be chipping damage and micro-cracking damage. Lateral, median and cone cracks are found to 
be existed in the sub-surface. The crack size varies from below to above 1µm. 
 
Finally in this thesis, a new predictive analytical modified model for micro grinding process has 
been developed considering single grit interaction for calculating process force. Then, on the 
basis of this predictive model, a comparison between the experimental data and analytical 
prediction was performed in the case of overall micro-grinding forces in x, y and z direction. 
Although, there is pretty much deviation in the predicted value of the micro grinding forces, these 
differences can be reduced considering more parameters in the model which can be considered in 
future work. 
 
The research works conducted  in this project will be eminently helpful to promote better 
understanding while implementing this newly developed hybrid process, and to improve its 
robustness in the field of precision manufacturing. The investigation conducted in this thesis will 
be certainly supportive for the PCD tool users to understand the importance of choosing 
fabrication parameters that works in better associations with the glass grinding parameters and 
to utilize the full effectiveness of the PCD tool for precision finishing of brittle material like glass.  
In  addition, the  combined  established relation among tool wear, cutting force and AE signal is  
new and useful analysis, which are more essential to necessitate offline dressing for tool wear 
compensation. Morover, the knowledge of the damage generation and propagation promotes the 
importance of selecting optimum parameters for finishing of a particular  brittle work pieces. 
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Nomenclature 
 
C = Capacitance (pF) 
V =Gap voltage (V) 
∆r-=Decrease in tool radius 
G= Volume of material removal per unit volume of wheel wear 
dsi= Mean of the tool diameter before and after wear 
b1 = Grinding width 
Vs=Volume of radial wheel wear 
Vw=Volume of material removal 
Kc =Fracture toughness 
H = Hardness 
E = Elastic modulus  
b = A constant which depends on tool geometry 
yc. =An average depth  
f = Cross-feed  
dc =Critical penetration depth for fracture initiation 
Cd(z’)=dynamic cutting edge density 
 = Feed rate 
h = Minimum chip thickness 
cr = Critical rake angle 
Cs(z)= Static cutting density 
 A= Empirical constant 
 Z=Radial distant measured into the wheel  
cd = Average grain diameter 
Vt= Total volume on the periphery of the wheel engaged in the work piece 
Vsh= Total kinematic shadow volume generated by active cutting edge 
gN =Total number of grain 
geqd = Equivalent grain diameter 
Nomenclature          
 
 x 
cb = Cutting width of grain 
ca = Cutting length of grain 
t= Grain depth of cut 
V=Spindle speed 
HB= Brinall hardness number 
brnlf =Indentation force 
d = Ball diameter  
b = Diameter of impression. 
 = Friction angle 
 =Shear angle 
s = Shear strength  
cgxf = Chip formation force in tangential direction 
cgyf = Chip formation force in normal direction 
pgxf = Plough force in tangential direction 
cgyf =Plough force in normal direction 
nf =Force acting normal direction for each grain 
tf =Force acting tangential direction for each grain 
nF =Total force in normal direction 
tF =Total force in traverse direction 
lF =Total force in longitudinal direction 
p = Friction co-efficient 
B= Work piece width 
D= Tool diameter 
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Chapter 1 
 
Introduction 
 
1.1. Machining of Glass and Ceramics: Importance and 
challenges 
1.1.1. Importance 
In recent past, there have been increased interests in the use of the advanced ceramics and 
glass materials such as alumina, silicon nitride, silicon carbide, BK7 and soda lime glass 
materials with unique metallurgical properties to meet the demands of extreme 
applications. While these materials are harder, tougher, brittle, less heat sensitive and/or 
more resistant to chemicals, corrosion and fatigue, these are more difficult to machine 
(Agarwal and Rao, 2008). These difficult-to-cut brittle materials have been widely used 
these days not only in the automotive industries but also in the public welfare industries 
like biomedical, optics (Foy et al., 2009). Therefore, the machining of difficult-to-cut 
materials has become an important issue in the field of manufacturing. As the indentation 
test proves that, when the penetration depth is less than certain critical value, most brittle 
materials like glass also undergoes plastic deformation. Hence, it is possible to machine 
difficult to cut brittle material in ductile mode without any fracture. This fact leads to the 
new possibilities of machining brittle material with optical surface finish by traditional 
machining process which eliminates the necessities of secondary finishing process. Since 
these difficult-to-cut materials possess excellent mechanical properties which can be 
useful in many important applications, machining of them in ductile mode can open up 
opportunities of utilizing them comprehensively. 
 
1.1.2. Challenges in machining of Glass 
Owing to brittleness and hardness, optical glass is one of the materials that is most 
difficult to cut.  Besides silicon, glass is widely used substrate material in micro system 
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technology, particularly in the manufacturing of micro fluidic devices for biological 
analysis and biotechnical applications due to its beneficial and functional material 
properties (Daridon et al., 2001; Petersen et al., 2004). Compared to silicon, the use of 
glass in micro-total-analysis-system (µTas) offers several benefits like optical 
transparency for visual inspection, on line optical detection as well as its good dielectric 
properties to withstand high voltages used in electro kinetically driven flows and 
separation. Other beneficial properties of glass are its good chemical resistance, high 
thermal stability; chemical inertness that makes glass the most widely used substrate for 
the fabrication of DNA arrays. Therefore machining of glass has become one of the 
major concerns of the manufacturer for the last few decades. Fabrication of precise 
microstructures in a controlled fashion particularly in glass for micro fluidics device is 
challenging. This difficulty of making structure in glass is reflected in the wide variety of 
non-conventional techniques for glass micromachining along with some conventional 
technologies. Significant researches have been carried out on glass micro fabrication 
technology which involves mainly photolithography and chemical etching. Being 
isotropic material, glass can be wet etched with buffered HF in a non-directional manner. 
Dry chemical etching of glass is also possible in typical a SF6 plasma which is hindered 
due to slow etching rate (Li et al., 2001). Etching techniques have a hazardous problem, 
since the etching material contains atoms of lead or sodium which produce nonvolatile 
halogen compounds as reaction product. Although deep reactive ion etching with 
inductively coupled plasma source producing high density plasma at low pressure has 
been used for silicon channels, it is not well developed enough to apply for similar 
structures in glass materials.  Due to the brittleness and poor thermal properties of  most 
glasses, there is  a risk of micro-cracking and other collateral damages such as debris and 
poor surface quality in Laser micromachining of glass (Nikumb et al., 2005). Mechanical 
machining techniques specialized for brittle material such as abrasive jet machining 
which is based on mechanical removal from a substrate by a jet of particles allowing to 
get complex and controlled shapes of eroded structure is hindered due to rough surface 
and limited to larger components (Belloy et al., 2000; Plaza et al., 2003; Schlautmann et 
al., 2001; Slikkerveer et al., 2000). 
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Brittle materials are difficult to mechanically micro machined by cutting process like 
milling due to the damage resulting from material removal by brittle fracture leading to 
rough surface which requires further polishing. Although high speed milling is widely 
used in metallic mold industry, it is difficult to apply it in machining glass due to extreme 
hardness and strength. In order to overcome the technical difficulties in  these above 
mentioned machining techniques and  to reduce the high costs associated with the 
elevated hardness and intrinsic brittleness, new machining approaches  are increasingly 
attempted for the machining of optical glass, particularly for applications where 
dimensional accuracy with complex geometries are primary requirements. Vertical 
micro-grinding is one of the important and cost-effective methods of machining this 
extremely hard and brittle material. Material removal by ductile mode instead of brittle 
fractures is made possible by using polycrystalline diamond tools. Therefore, vertical 
micro-grinding has been considered as one of most effective methods of machining glass. 
 
1.3 Background (Motivation) 
 
In order to reduce the size of parts and products in the electronics, computer, and 
biomedical industry,  mmanufacturing technology has been  advanced to higher level of 
precision to satisfy the increasing demand. New processing concepts, procedures and 
machines have become indispensable to fulfil the increasingly stringent requirements and 
expectations. Mechanical micro-machining is one of the promising technologies which 
can assure large benefits and equally great challenges in fabrication of micro-scale parts. 
Existing micro-machining processes can be broadly classified into mechanical micro-
machining, chemical mechanical micro-machining, high energy beams-based machining, 
and scanning probe micro-machining  as shown in Fig. 1.1(Liang, 2004). 
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Fig.1. 1: Disciplinary areas for various micro manufacturing. 
 
Mechanical micro-machining using a miniaturized machine tool is one type of research 
direction among these technologies, which has a number of inherent advantages. These 
advantages includes the significant reduction of required space and energy consumption 
for the machine drive; the improvement of machine robustness against external error 
sources due to increase in thermal, static, and dynamic stabilities; increased positioning 
accuracy due to decreased overall size of the machine; and a greater freedom in the 
selection of work piece materials, the complexity of the product geometry, and the cost of 
investment. 
In general, mechanical micro-machining consists of various material removal processes. 
Within these processes, micro-grinding is the typical final process step and like 
conventional grinding, it  also provides a competitive edge over other processes in micro-
scale parts fabrication  such as micro sensors, micro actuators, micro fluidic devices, and 
micro machine parts. Since conventional grinding wheels are very large compared to 
target products, their capability is usually limited to grinding simple parts as envisaged in 
Fig. 1.2. 
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Fig.1. 2: Fabrication of micro-scale parts using conventional and micro grinding. 
 
 
 
On the contrary, although a micro-grinding process resembles a conventional grinding 
process, this process is distinctive because of the size effect in micro-machining whereas 
the mechanical and thermal interactions between a single grit and a work piece are related 
to the phenomena observed in micro-machining, which are summarized in Table 1.1. 
 
Since the diameter of the grinding wheel reduces, the negligible parameters in the 
conventional grinding process such as ploughing forces and grinding wheel deformation 
has become more significant in micro-grinding. Even though the boundary between 
micro and conventional grinding is not comprehensible, micro-grinding is not the simple 
reduction of the conventional grinding process. Furthermore, the quality of the parts 
produced by applying this process is subjected to the process conditions, micro-grinding 
wheel properties, and microstructure of materials (Hyung Wook Park, 2008) . Again, the 
micro tools properties are dependent on the fabrication process used. Micro-tools made of 
PCD offer new promise for micro-machining of hard and brittle materials like 
conventional grinding wheel. In recent years, machining of difficult-to-cut materials is an 
important issue in the field of manufacturing. 
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Table 1. 1: Characteristics of the micro-grinding process 
 
 Macro-grinding Micro-grinding 
Ratio of the depth of cut to 
the grit radius 
50-100 0.1-1 
Ploughing Effect Not significant( ≈ 0% ) Significant (≈20−30%) 
Friction on the interface μ = μc 
μ =μc (depth of 
cut)+μp(ploughing friction co-
efficient) 
Rake angle Constant negative Variable negative 
Material removal rate 10
n 
~ 10
−1
mm
3
 /mm. s 10
−1
 ~ 10
−3
mm
3
 /mm. s 
 
Since these difficult-to-cut materials possess excellent mechanical properties which can 
be useful in many important applications, machining of them can open up opportunities 
of utilizing them comprehensively.  Among the difficult-to-cut materials PCD is an 
extremely hard material used extensively in manufacturing because of its superior wear 
and corrosion resistance. Therefore machining of PCD has become one of the major 
concerns of the manufacturer for the last few decades (Mahdavinejad, 2005). However 
the fabrication of these hard tools by mechanical process like diamond grinding gives rise 
to difficulties associated with the high cost of diamond wheel, large consumption of 
diamond and arduous processing. On the other hand, whereas the efficiency of traditional 
cutting process is restricted by the mechanical properties of material and the complexity 
of work piece geometry, electro discharge machining being a thermal erosion process, is 
not subjected to such strain. EDM now a days is extensively and successfully applied for 
machining difficult to work material (A.G.Mamalis, 2004). Some researchers tried to 
fabricate tools with WEDG. When compared with other methods such as WEDG and 
mesh electrode method, the EDM block electrode method has a lower investment cost 
and is easier to set up. More importantly, it can also produce electrodes on the machine 
and this greatly reduces the installation error and cost (Nachiappan Ravi and  Han. 
Huang, 2002). Hence the PCD tool produced by this block EDM method can be useful in 
micro-grinding of hard and brittle materials like glasses. 
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In addition, the need for fabricated micro-features in glass has been increasing to generate 
diversified functionalities on optical devices and bio-fluidics devices. Micro-channels are 
integral part of micro-fluidic devices, which are used for various applications such as lab-
on-chip, bio-MEMS (MEMS denotes micro-electromechanical system) based sensors, 
etc. These micro-channels are used for seamless integration of sample collection, 
separation, and detection of various biological and chemical species on a single chip with 
fluidic pumps and valves integrated with the system. Fundamental understanding of 
liquid flow through micro-channels is important to predict the performance and 
behaviour of micro-fluidic devices. Depending on the manufacturing technique or due to 
adhesion of biological particles from the liquids, the channel surface has certain degree of 
roughness. The surface roughness ranges from 0.1 micron to 2 micron and this surface 
roughness of micro-fluidic channel affects the flow characteristics in the channel. Higher 
roughness of this channel results in higher flow interruption. So, surface roughness is 
very important in the glass micro-channel (Mitra, 2008) . Although some manufacturing 
process such as chemical etching has been used to fabricate micro-patterns on glass, the 
process takes a longer time around (597-723 minutes) and it is hazardous. 
Photolithography gives surface roughness up to micro level and the process is not cost 
effective (Takashi Matsumura, 2005) . 
 
Therefore, the development of a process which can produce smooth glass surface is of 
prime importance in the field of machining glass. This process should be applicable to 
small parts and also micro-fluidics devices which comprises the main field of application 
of glass. 
 
 
 
 
1.4. Significance of research 
 
Although grinding has several advantages over other machining processes and several 
researches have been carried out for last few decades on the conventional grinding of 
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brittle materials, micro-grinding of brittle materials using on-machine fabricated grinders 
is still a relatively new area  to be further explored. Hence, a number of issues remain to 
be solved before th  vertical micro-grinding process can become a reliable, effective and 
economical process for manufacturing micro components and parts with micro-features 
on glass   using on machine fabricated PCD tools. 
 
Brittle materials like glass and ceramics are expected to revolutionize the industry due to 
their unique and highly favorably properties. Presently, the industries that are shifting to 
utilize ceramic and glass based materials for their products are mold manufacturing, 
biomedical, semiconductor, lens manufacturing, automobile engines and aerospace 
sector. Due to their superior properties, glass and ceramics have potential to replace metal 
and other materials currently being used for aforementioned sectors. These brittle 
materials offer excellent wear resistance and high temperature resistance characteristics. 
Due to these characteristics, modern mold making industry is using ceramics and glass to 
manufacture molds. High hardness, excellent wear resistance and high temperature 
resistance of these materials impart longer life to the molds. However the machining of 
brittle materials is cost-prohibitive and is the only obstacle in their immediate application. 
Mainly ceramics and glass are machined through polishing, honing and grinding to obtain 
the optical surface finish. Optical and superior surface finish is the requirement of many 
ceramic based products due to the nature of their intended application. Therefore, it has 
been found that, although requirements for micro-features in difficult to- cut materials 
have made grinding a cost-effective manufacturing process, grinding itself cannot fulfill 
all the requirements of the product performance alone. There is a need to investigate the 
feasibility of introducing other processes in association with conventional grinding to 
meet the increasing demands and challenges. Fortunately the ongoing research in this 
field is developing new technology to machine brittle materials in ductile mode to 
produce high quality surface finish. The development of process which can provide 
micro-features with good surface quality and better dimensional accuracy at high 
machining efficiency is of prime importance. One of these technologies involves the 
usage of polycrystalline diamond tool for micro-grinding of glass. In this regard, this 
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study considers micro-EDM based multi-process machining techniques which may 
improve the performance of the machining of glass in order to make it a more feasible 
process. Although, several researchers has used PCD for girnding of brittle materials, 
litlerally noone has come up with the idea of  combining the on-machine fabrication of 
PCD tool using block EDM and then microgrinding of brittle material. which also 
facilates the offline dressing of tool as well.  Therefore, micro-grinding of glass material 
using on machine fabricated PCD tool can provide a new passage for ductile mode 
machining of brittle materials. The results of this thesis should present the structured 
knowledge of micro-grinding of glass using super-abrasive particle in a PCD tool form. 
The investigation of micro-grinding of glass would help the research community to 
further understand the optimization of machining process, tool wear conditioning, and 
sub-surface damage condition involve  with this newly developed method. Finally, all of 
this information would be useful for researchers to further explore this newly developed 
micro-grinding process using on-machine fabricated PCD tool in single setup. The main 
implication of this research is that these block-EDM based multi-processes should have 
significant contribution in the machining of glass materials and the processes should be 
applicable to small parts as well as die and mold making, where glass is primarily used 
nowadays. 
1.5. Research Objectives  
 
The aim of this research is to develop a multi-machining process for shaping PCD tool by 
EDM for effective micromachining of brittle glass. The principal approach is to 
incorporate a combination of block-EDM and grinding process in a single setup that will 
attain the aforementioned target. In this context, a number of objectives have been 
established to accomplish the primary aim as follows: 
 
 
I. Experimental studies of micro-grinding of glass material.  
(a( To study the effect of different operating parameters for the EDM of  
  Polycrystalline diamond (PCD) blank and to achieve the optimum  
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  condition of different parameters for tool preparation.  
(b) To invesitgate the effect of micro-grinding parameters on the    
      performance of the PCD tool in glass micro-grinding. 
(c) To machine micro features on glass with mirror finish and high     
     accuracy. 
II. The feasibility of making different shape tool for glass grinding and 
investigating their effect on grinding of glass. 
III. Understanding the performance of PCD tool in vertical micro-grinding of 
optical glasses. 
(a) Wear mechanism studies of PCD tool while micro-grinding of glass. 
(b) On-machine monitoring of tool conditioning. 
IV.  Investigation of sub-surface damage analysis of BK7 glass during micro-
grinding. 
V. Modeling of the  micro-grinding force 
 
1.6. Organization of Thesis 
 
The report comprises of nine chapters. Chapter one introduces the significance of the 
research as well as the objectives of the project. Chapter two discusses the principle of 
EDM, comparison and advantages of micro-EDM over other micro-machining processes 
for the machining of PCD. Then different tool fabrication methods are discussed. In 
addition, various works on fabrication of micro features on the hard materials like glass 
are also discussed in this chapter. Chapter two ends with indicating the limitations of the 
previous research works and how the proposed research aims to address some of the 
limitations.  The experimental set up and procedures are discussed in chapter three. In 
chapter four, identification of operating parameters for improved performance of block-
EDM of PCD and comparative study on the performance of tool while grinding 3 
different hardness glasses are investigated. Chapter five covers the newly approached tool 
fabrication process and tool geometry effect on micro-grinding of glass.  Details 
experimental investigation of PCD wheel wear process has been highlighted in chapter 6.  
Introduction                                                           
                                                                             
 11 
Chapter 7 includes the sub-surface damage analysis of glass. Chapter eight includes the 
cutting force modeling of micro-grinding process.The last chapter discusses the 
conclusion and contributions of the thesis, and also explores the possible future works. 
The list of references and publications has then been enumerated. 
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Chapter 2 
Literature Review 
 
2.1. Introduction 
 
This chapter presents a review of literature in relevant areas to the proposed works. These 
works provide an overview of past and current research relating to micro-scale machining 
of brittle and hard materials which covers micro-scale machining using solid tools and 
fabrication of micro-scale precision tools.  
2.2. Glass Machining 
Machining of precise microstructures in a controlled fashion made out of glass, in 
particular in glass for micro-fluidics (Becker et al., 2002; Daridon et al., 2001) is 
challenging. The difficulty of making structures in glass is reflected in the wide variety of 
non-conventional techniques for glass micromachining along with some conventional 
micro-fabrication technologies. 
2.2.1. Application of Glass Microstructures 
Besides silicon, glass is a widely used substrate material in micro-system technology, in 
particular in the manufacturing of micro fluidic devices for biological analysis and 
biotechnical applications (Freitag et al., 2001; Petersen et al., 2004) as it provides 
beneficial structural and functional material properties. With comparison to silicon, the 
use of glass in micro-total- analysis-systems (µTAS) applications is advantageous with 
regard to its optical transparency which allows for visual inspection and on-line optical 
detection (good fluorescence properties) as well as its good dielectric properties used in a 
number of applications which allow it to withstand the high voltages used in electro 
kinetically driven flows and separations (e.g. capillary electrophoresis). Some other 
beneficial properties of glass are its good chemical resistance, high thermal stability, 
chemical inertness and established schemes for surface modification and fictionalisation 
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(silane modification) (Daridon et al., 2001)  which make glass the most widely used 
substrate for the fabrication of DNA arrays. The use of glass substrates may also improve 
the long-term chemical stability of the devices in comparison with silicon-based systems. 
Many applications also require the high mechanical strength and the good mechanical 
stability of glass. 
2.2.2. Fabrication of Glass Microstructures 
 
Glass micro-fabrication technologies include photolithography and chemical etching. 
Glass is an isotropic material that is wet-etched with buffered HF in a non-directional 
manner. Therefore, structures with curved sidewalls and relatively low aspect ratio are 
produced by isotropic wet etching (Bu et al., 2004; Corman T, 1998; Gretillat et al., 1997; 
Li et al., 2001; Mourzina et al., 2005; Nikumb et al., 2005; Stjernstrom and Roeraade, 
1998). Dry chemical etching of glass is also possible in typically a SF6 plasma(Belloy et 
al., 2000) but the structure depth is limited by a slow etch rate. There are many problems 
in etching materials which contain atoms of lead or sodium (glass, PZT, etc.) as they 
yield non-volatile halogen compounds (PbF2, NaF, etc.) as the reaction product. High 
speed directional etching of silicon by deep reactive ion etching (DRIE) with inductively 
coupled plasma source, which produces high-density plasma at low pressure, can be used 
for silicon channels but is still not sufficiently developed for producing similar structures 
in glass or quartz (DRIE). 
                                                                                                                                                                                                                                                                                                        
Laser micromachining of glass is hindered by the brittleness and poor thermal properties 
of most glasses, resulting in a risk of micro-cracking and producing other collateral 
damage such as debris and a poor surface quality (Schlautmann et al., 2001). The two 
main ways to overcome this limitation are to use short wavelengths (UV) that can be 
focused down to smaller spot size or use lasers with ultra-short pulse duration that reduce 
thermal effects. Mechanical machining with techniques specialized in brittle materials 
such as powder blasting (also known as abrasive jet machining) is based on the 
mechanical removal from a substrate by a jet of particles (Moronuki N, 2002; Plaza et al., 
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2003; Slikkerveer et al., 2000; Yan et al., 2002). Powder blasting allows making complex 
and controlled shapes of the eroded structure. Moreover, the erosion rate is much higher 
than with standard wet-etching processes. Another technique which is used here is micro-
ultra-sonic machining (MUSM) which exploits the ultrasonic frequency vibration of a 
tool to force abrasive grains to erode a substrate (Dietrich et al., 1996; Etoh et al., 2003). 
Brittle materials are difficult to mechanically micro-machine by cutting processes like 
milling due to damage resulting from material removal by brittle fracture which leads to 
rough surfaces requiring subsequent polishing steps. Material removal by ductile regime 
instead of brittle fractures is made possible by using polycrystalline diamond tools. 
Mechanical sawing, though limited to simple straight patterns has also proved successful 
(Moronuki N, 2002). 
 
There exists a variety of silica-based oxide glass materials such as soda-lime glass, 
borosilicate glass, pure silica glass (quartz glass). Some special variety of glass is 
amenable to anisotropic photo structuring. So it does not require an intermediate photo 
resist layer for patterning. It is commercially available through various suppliers and is 
patterned by photolithography using a mask (Brokmann et al., 2002; Gimkiewicz and 
Gerhard, 1997; Masuda et al., 2003; Mori R, Oct 2003) or by direct laser writing (Cao et 
al., 2009; Iliescu et al., 2005; Morgan et al., 2004). Typical approaches like wet chemical 
etching and mechanical structuring are not suited to achieve fine (<10 lm) and high 
aspect ratio (>10) structures. In Addition, micro-electrochemical discharge machining 
(ECDM) was studied in order to improve the machining of 3D micro-structures of glass. 
To minimize structures and obtain good surface microstructures, the effects of the 
electrolyte, the pulse on/off-time ratio, the voltage, the feed rate, the rotational speed, and 
the electrolyte concentration in the drilling and milling processes were studied(Lin et al., 
2001). 
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2.3. Fundamentals of grinding and cutting principle 
Grinding is a complex abrasive cutting process, related to machining with geometrically 
unspecified cutting edges. Grinding interface involves a material removal by the contact 
between grinding wheel with a randomly structured topography with work pieces. Each 
grain removes a chip from the surfaces of the work pieces material and generates a 
surface finish.  
 
 
Fig. 2. 1: The mechanism of ductile or shear mode grinding of brittle materials. 
 
Grinding refers to material removal by individual grains whose cutting edge is bounded 
by force and path. Fig. 2.1 shows initial cutting interface which is characterized by elastic 
deformation, followed by plastic flow of work piece material. The interface friction 
condition and cutting speed have a significant influence on chip formation. A consistent 
cutting mechanism description therefore comprises complex penetration relationships 
between two hard materials, elasto-plastics mechanics and aspect of tribiology, all of 
which influences the kinematics and contact condition (Kopac and Krajnik, 2006). 
2.3.1. Ductile regime machining 
Improvements in machining tolerances have enabled researchers to expose the ductile 
material removal of brittle materials. Under certain controlled conditions, it is possible to 
machine brittle materials like ceramics using single- or multi-point diamond tools so that 
material is removed by plastic flow, leaving a crack-free surface (Fig. 2.1). This process 
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is called ductile regime machining. Ductile regime machining follows from the fact that 
all materials will deform plastically if the scale of deformation is very small. Another 
way of viewing the ductile regime machining problem is that described by Miyashita 
(Miyashita, November 1985), as shown in Fig. 2.2. The material removal rates for 
grinding and polishing are compared and there is a gap in which neither technique has 
been utilised. This region can be termed the micro-grinding gap since the region lies in 
between grinding and polishing. This gap is important because it represents the threshold 
between ductile and brittle grinding regimes for a wide range of materials like ceramics, 
glasses and semiconductors. 
             
  
Fig.2. 2: Achievable material removal rates in abrasive machining. 
Principle of ductile regime machining 
The term energy balance is used to describe transition from brittle to ductile transition 
during machining of brittle between strain energy and surface energy(T. G. Bifano, 
1992). For brittle machining, localized fractures produced during the application of load 
are of great interest. The indentation cracks generated during indentation machining play 
an important role in ductile mode machining (S. Blackeley, 1990). 
A critical penetration depth dc for fracture initiation is described as follows (V.C. 
Venkatesh, 1995). 
dc=b(Kc/H)
2(E/H)………………………....(1) 
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Where Kc is the fracture toughness, H is the hardness, E is the elastic modulus and b is a 
constant which depends on tool geometry. Fig. 2.3 shows a projection of the tool 
perpendicular to the cutting direction. According to the energy balance concept, fracture 
damage will initiate at the effective cutting depth and will propagate to an average depth 
yc. If the damage does not continue below the cut surface plane, ductile regime 
conditions are achieved. The cross-feed f determines the position of dc along the tool 
nose. Larger values of f move dc closer to the tool centreline. 
 
 
Fig.2. 3: Projection of the tool perpendicular to the cutting direction 
 
Another interpretation of ductile transition phenomena is based on cleavage fracture due 
to the presence of defects (T. Nakasuji, 1990). The critical values of a cleavage and 
plastic deformation are affected by the density of defects/dislocations in the work 
material. Since the density of defects is not so large in brittle materials, the critical value 
of fracture depends on the size of the stress field. Fig. 2.4 shows a model of chip removal 
with size effects. When the uncut chip thickness is small, the size of the critical stress 
field is small to avoid cleavage. Consequently a transition in the chip removal process 
from brittle to ductile may take place depending on the uncut chip thickness. 
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Fig.2.4: Model of chip removal with size effects. (a) Small depth of cut; (b) large depth of cut. 
 
Material removal mechanisms in ductile regime machining 
 
Machining generates a useful surface by intimate contact of two mating surfaces, namely 
the work piece and abrasive tool. However, the micromechanics of material removal 
differ from material to material depending upon the microstructure of both work piece 
and tool material. Generally, during high-precision machining of brittle materials, tools 
having large negative rake angles are used (as high as -30°). The negative rake angle 
provides the required hydrostatic pressure for enabling plastic deformation of the work 
material beneath the tool radius. During conventional machining with a single-point tool, 
the rake angle will be positive or close to 0°. With positive rake angle, the cutting force 
will generally be twice the thrust force. Hence the deformation ahead of the tool will be 
in a concentrated shear plane or in a narrow plane as shown in Fig. 2.5. During the 
grinding process, it is generally agreed that the tool will have a large negative rake angle 
and also that the cutting force is about half of the thrust force [Fig. 2.5(b)]. In ultra-
precision machining of brittle materials at depths of cut smaller than the tool edge radius, 
the tool presents a large negative rake angle and the radius of the tool edge acts as an 
indenter as shown in Fig. 2.5(c). This represents indentation sliding of a blunt indenter 
across the work piece surface. This is similar to a situation where the tool is rigidly 
supported and cuts the work piece under a stress such that no median vents are generated 
                                                           
Literature Review 
                                                                             
 19 
but the material below the tool is plastically deformed due to large hydrostatic pressure as 
in Fig. 2.5(d)(P.S.Sreejith, 2001). 
 
 
 
Fig.2. 5: The progression of tool and work piece interactions: (a) conventional cutting, (b) grinding,  (c) 
ultra-precision machining at small depth of cut and (d) indentation sliding. 
2.3.2. Material removal in glass and ceramics 
The ductile grinding of optical glass is considered as the most perfect adaptation of a 
machining method to the material (W. Konig, 1990). Glass is an inorganic material super 
cooled from the molten state to the solid state without crystallising. Glasses are non-
crystalline (or amorphous) and respond intermediate between a liquid and a solid; i.e., at 
room temperature they behave in a brittle manner but above the glass transition 
temperature they behave in a viscous manner. The high brittleness of glass is due to the 
irregular arrangement of atoms. In crystalline materials like metals, the atoms have a 
fixed arrangement and regularity described by Miller indices, whereas glass structure 
does not show any definite orientation (Fielder, 1988). 
 
The unique physical and mechanical properties of ceramics such as hardness and 
strength, chemical inertness and high wear resistance have contributed to their increased 
application in mechanical and electrical components. The advanced ceramics for 
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structural and wear applications include alumina (Al2O3), silicon nitride (Si3N4), silicon 
carbide (SiC), zirconia (ZrO2) and SiAlON. The nature of atomic bonding determines the 
hardness of the material as well as the Young’s modulus. For ductile metallic-bonded 
materials the ratio E/H is about 250, while for covalent bonded brittle materials the ratio 
is about 20. The ratio will lie in between these values for ionic bonded materials. Low 
density and low mobility of dislocations are the reasons for the high hardness of some of 
brittle materials. 
 
Depending on the atomic bond, different material removal mechanisms arise (T. G. 
Bifano, 1992). The metals, those are characterised by metallic bonds where the valence 
electrons are shared freely between the atoms of a structure, are machined typically in the 
ductile regime. The machining of glasses and ceramics, if performed in the brittle regime, 
causes vertical cracks during application of the cutting load and lateral cracks during 
removal of the load. The formation of lateral cracks causes chipping, which is the main 
mode of material removal. But the formation of vertical cracks causes a substantial 
amount of subsurface damage. However, if a very small depth of cut is chosen, even 
brittle materials like glass and ceramics can be machined in the ductile regime. Glasses 
and ceramics can be machined in a ductile manner if the depth of cut is kept below 10 nm 
(S. Blackeley, 1990). The mechanics of material removal in ceramics and glasses consists 
of brittle fracture and plastic deformation. The former is similar to indentation on a brittle 
material by a hard indenter causing lateral and median cracks. The latter is analogous to 
the chip formation process in metal grinding, which involves scratching, ploughing and 
formation of chips. The loading at the cutting point and the properties of the work piece 
are the factors that control the extent of brittle fracture. According to the ductile 
machining hypothesis, all materials (including brittle) will undergo a transition from 
brittle to ductile machining region below a critical depth of cut. The energy required to 
propagate cracks is believed to be greater than the energy required for plastic deformation 
below the critical depth of cut region. Hence plastic deformation is the predominant 
mechanism of material removal at this region (T. Nakasuji, 1990). Ductility generation is 
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very essential for material-adapted machining of high performance ceramics/glasses. 
During ductile regime grinding, it is assumed that when grains impact the material, heat 
concentration occurs at the immediate contact area of the edge due to low heat 
conduction within the material. This, along with high compressive stress, is sufficient to 
cause local ductility for plastic deformation (W. Konig, 1990). In Ductile regime 
machining not all material removal takes place in a ductile fashion as the name seemingly 
suggests. Material removal takes place due to combine effect of plasticity and extensive 
micro-fracture. Ductile regime machining is interplay between tool profile geometry and 
feed rate and also the critical depth parameter that determines fracture initiation. Pure 
ductile response will occur only along the apex of the tool tip where the effective depth of 
cut is less than the critical depth of cut (Y.J. Yuan, 1993). In finishing of brittle materials 
like Ge and Si by turning, grinding, polishing, etc., the response of material is very 
important and affects the quality of the surface. The material response in turn depends on 
the magnitude and size of the stress field and also on the response of the work material 
and cutting combination during the process. While studying on brittle– ductile transition, 
Yoshikawa(Yoshikawa, 1967) classified the stress field into four domains as shown in 
Fig. 2. 6: 
 
 
Fig.2. 6: Factors affecting deformation and fracture of materials [49]. 
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1. Domain I — material removal takes place not only by mechanical action but also by 
chemical/temperature effects. Only a very small quantity of material is removed. 
2. Domain II — here no dislocation is present and the material is assumed as an ideal 
crystal. Dislocations are created prior to brittle fracture. After the creation of dislocations, 
the crystal is assumed to behave as in Domain III. 
3. Domain III — plastic deformation occurs at this domain followed by crack initiation at 
the deformation zone. 
4. Domain IV — material removal takes place only due to cracks.  
Thus, it can be concluded that at extremely small depth of cut material removal takes 
place by erosion/chemical action, followed by plastic deformation/micro-fracture 
depending on the conditions.             
2.3.3. Subsurface mechanical damage 
 
High dimensional accuracy and good surface integrity are frequently required in some of 
structural ceramic components. Although advances have been made in the near-net shape 
technology, grinding with diamond wheels is still the method of choice for the machining 
of these structural ceramics. Unfortunately, the ground ceramic components are most 
likely to contain a deformed layer, surface/subsurface micro-cracks, phase 
transformation, residual stresses and other types of damage. The major form of 
machining damage usually occurs as surface and subsurface damage (Agarwal and Rao, 
2008). Sub-surface mechanical damage (SSD) consists of surface micro-cracks created 
during grinding and/or polishing of brittle materials surfaces, such as glass. These surface 
cracks, typically identified macroscopically as scratches and digs, are often hidden below 
an index-matched Bielby layer or have closed (i.e., healed); hence they are  not always 
detectable by visual inspection or standard optical microscopy until exposed by chemical 
etching (Beilby, 1921). In some applications, the removal or minimization of SSD is 
required for improving the material strength (e.g., spacecraft, underwater 
windows/barriers, and other military applications) where the surface flaws determine the 
ultimate strength or for reducing/eliminating laser-induced damage (e.g., high-peak-
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power laser applications. The creation of SSD can be thought of as the repeated 
indentation of mechanically loaded hard indenters (abrasives) sliding on the surface of an 
optic during various cutting, grinding and polishing processes. The initiation and growth 
of the three basic types of cracks (lateral, radial, Hertzian) resulting from a single, static 
indenter as a function of load, material properties of the indenter and substrate are known. 
 
 
 
 
Fig.2. 7: Schematic illustration of the fracture geometry of the idealized fractures created 
by static  indentation: (a) Hertzian cone crack from a blunt indenter; (b) radial or median cracks 
from a sharp indenter; (c) lateral crack from a sharp indenter. 
 
 
Hertzian cracks are cone shaped cracks that are created from a spherical indenter; radial 
cracks are semi-circular crack in shape and perpendicular to the glass surface from a 
sharp indenter; and lateral cracks are cracks that run generally parallel to the glass surface 
which are also typically created by a sharp indenter. By their geometry, it is clear that 
formation of lateral cracks will largely lead to material removal and will contribute 
significantly to the observed surface roughness. Hertzian and radial cracks, on the other 
hand, will largely contribute to deeper SSD and potentially to some material removal 
through the intersection with other cracks(I.Hutchings, 1992.; Lawn, 1993) .  
Malkin and Hwang have studied and analyzed the mechanism of material removal in 
ceramic grinding using indentation fracture mechanics approach and the machining 
approach. With the aid of first approach they showed that median/radial cracks are 
usually associated with strength degradation, and lateral cracks with material removal 
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(Malkin and Hwang, 1996). Xu et al. have focused on exploring the mechanism of 
material removal and the effects of machining-induced damage on strength of advanced 
ceramics and demonstrated that it can be controlled by approximately tailoring the 
microstructure. These findings have suppressed the formation of strength degrading 
cracks and also have accelerated easy, well-controlled material removal by grain 
dislodgement during machining (Xu et al., 1995). Zarudi and Zhang (Zarudi and Zhang, 
2000) carried out experimental and theoretical investigation on subsurface damage in 
alumina by ductile-mode grinding. They reported that the distribution of the fractured 
area on a ground mirror surface, having RMS roughness in the range from 30 to 90 nm, 
was dependent on both grinding conditions and the pores in the bulk material. Interaction 
of abrasive grains of the grinding wheel with pores resulted in surface pit formation. 
Therefore, initial microstructure of a material is the limiting factor for achievable surface 
quality by ductile-mode grinding. The investigation showed that median and radial cracks 
did not appear and hence were not the cause of fracture as were usually thought. Factors 
influencing surface quality of brittle materials, during ultra-precision grinding were 
investigated and analyzed theoretically in details by Chen et al. (M.J. Chen, 2004). 
Grinding experiments were also carried out to compare the outcome of theoretical 
analysis for the brittle materials. The results suggested that primary influencing factor on 
surface quality was average abrasive grain size of the diamond wheel and the influence of 
the wheel speed and feed rate were secondary. Zhao et al. (Zhao et al., 2007) investigated 
surface and subsurface integrity of diamond ground optical glasses. They used a machine 
tool featuring high close-loop stiffness to conduct the ultra-precision machining of fused 
silica and fused quartz assisted with electrolytic in-process dressing (ELID). An acoustic 
emission sensor and a piezoelectric dynamometer were used to monitor the grinding 
process to correlate the processing characteristics with the generated surface and 
subsurface integrities, which were characterized by atomic force microscope, scanning 
electronic microscope, and nano-indentation technique. From experimental results they 
showed that for optical glasses the fracture toughness value could be used to predict the 
machinability and its larger value always indicates better surface and subsurface integrity. 
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For case study grinding process in optical glass, the smaller amplitude and RMS values 
of acoustic emission signal, smaller grinding forces and the ratio of normal force to 
tangential force, resembles to a better surface and subsurface integrity. Nanometric 
quality surfaces with minimal subsurface damage depth can be generated for fused quartz 
with the aid of selected machining parameters and a very fine grain-sized diamond 
grinding wheel. Detailed knowledge on the effect of the grinding process on surface 
integrity gives the opportunity for a better exploitation of ceramic materials by improved 
process conditions.  
 
The X-ray diffraction techniques were studied by Pfeiffer and Hollstein (W. Pfeiffer, 
1993) to determine the damage induced in ground silicon nitride and alumina. From their 
studies they set up correlations between micro-plastic deformation and amount of 
damage. From their investigations they showed that bending strength is dominated by 
machining- induced damage in the case of lapped and ground alumina and of ground 
silicon nitride. The effect of damage can be compensated by machining-induced 
compressive residual stresses in the case of lapped silicon nitride. One important laggings 
of the X-ray diffraction technique is that it cannot differentiate subsurface damage from 
the bulk structures, and also the effects of the damage on the residual strength and surface 
tribological properties of a ground component. The scope is still left for further 
improvement to provide more precise and reliable prediction.  
 
Daniels(Daniels, 1989)  has investigated the influence of surface grinding parameters 
such as diamond abrasive type, wheel speed and down feed on the rupture strength of 
silicon carbide. He showed that more severe grinding conditions, like power 
consumptions and higher normal force, has less effect on reducing the mean rupture 
strength of the material. The most prominent outcomes inferred from these results were 
that grinding conditions could be changed to optimize the process without significant 
structural damage to the work material. Some other techniques like flexural strength 
testing, fractography, and non-destructive inspection were considered to be useful for 
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assessing subsurface damage. Ahn et al. (Ahn et al., 1996) applied the ultrasonic 
technique and the thermal wave measurement technique to detect the subsurface lateral 
cracks (at larger scale) associated with indentations in glass and silicon nitride. Service 
life of a ceramic component, in a wear and corrosive environment, could be usually 
affected by these types cracks produced during the grinding process. Therefore, Ahn et al 
suggested applying these techniques for small cracks developed during the grinding 
process. Shen et al.(Y. Shen, 2003)  studied the force and energy characteristics in 
grinding of advanced ceramics. Two typical ceramics were ground with a resin bonded 
diamond wheel on a precision surface grinder under different grinding conditions. The 
normal and tangential force components operating on the grinding wheel, the force ratio, 
the specific grinding energy in grinding of ceramics were analyzed based on measured 
power used by the spindle. Ceramic materials were mainly removed in the fracture mode, 
while most of the energy was expended by ductile. Friction between the diamond wheel 
and ceramics were taken into account in material removal mechanisms for ceramic 
grinding. But applications of advanced ceramics in industrial scale have been restricted 
mainly due to machining difficulties and associated high cost with the use. Therefore 
great efforts were made towards the development of efficient mode grinding technology 
(Annamalai et al., 1993; F. Klocke, 1999; H.K. Tonshoff, 1999).  
 
High-speed grinding has been studied in order to achieve high material removal rate in 
the ceramics grinding. In high-speed grinding process, reduction of maximum chip 
thickness can be achieved with an increase in wheel speed, and thus reducing the 
grinding force(F. Klocke, 1997) . This would cause the ductile flow by reducing the 
tendency for brittle fracture (J.A. Kovach, 1993). On the other hand, the increased speed 
will cause the increase in the depth of cut or the feed rate to obtain the higher material 
rate, without deteriorating the ground surface integrity.  
 
Feasibility study on the applications of high speed in the low-damage grinding of the 
advanced ceramics was studied by Kovach et al. Hwang et al. (L. Yin, 2005; T.W. 
                                                           
Literature Review 
                                                                             
 27 
Hwang, 1999) investigated the machining characteristics of silicon nitride under high 
speed grinding conditions. Main focus of this investigation was on the wheel wear 
mechanism, at low material removal rate. Klocke et al.(F. Klocke, 1999)  studied various 
process strategies for the high-speed grinding of aluminum oxide and silicon infiltrated 
silicon carbide at high removal rates. The results demonstrated that fracture strength of 
the machined ceramic components are not decreased at high-speed grinding having high 
removal rates. Yin et al. (L. Yin, 2005)  investigated grinding of alumina and alumina–
titania at high removal rate (up to 16.6mm
3
/s per mm) with respect to material removal 
and basic grinding parameters using a resin-bond 160mm grit diamond wheel at the 
speeds of 40 and 160 m/s, respectively. The results show that the material removal for the 
single-phase polycrystalline alumina and the two-phase alumina–titania composite 
revealed identical mechanisms of micro-fracture and grain dislodgement under the 
grinding conditioned selected. Surface roughness and morphology for both materials 
ground at either conventional or high speed were found to be same. Material removal rate 
increment did not necessarily downgrade the surface roughness for the two materials at 
both speeds. At any grinding speeds and specific removal rates, the grinding forces for 
the two ceramics demonstrated similar characteristics. Regardless of removal rates, both 
normal and tangential grinding forces and their force ratios at the high speed were found 
lower than those at the conventional speed. It was also shown that high-speed grinding 
exerted a great amount of coolant induced normal forces in grinding zone, which were 
four to six times higher than the pure normal grinding forces irrespective of all the 
removal rates. However, in these works (H. Huang, 18–20 July, 2001; H. Huang, 26–30 
May, 2002; L. Yin, 2005; T.W. Hwang, 1999), no detailed investigations of the effects of 
high-speed grinding conditions on the material removal mechanisms and the surface 
integrity of advance ceramics have been reported.  
 
Machining characteristics and surface integrity of advanced ceramics, viz. alumina, 
alumina–titania, and yttria partially stabilized tetragonal zirconia by Huang and Liu (H. 
Huang, 2003) under high speed deep grinding conditions. They focused to explore the 
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material removal mechanisms involved in the grinding processes. They reported that 
grain dislodgement or lateral cracking along grain boundaries are the dominating factors 
for material removal in grinding of alumina and alumina–titania. In case of Zirconia 
material removal was via both local micro-fracture and ductile cutting.  
 
Zhang et al. (B. Zhang, 2003) conducted the study on diamond grinding of advanced 
ceramics, including hot-pressed silicon nitride, hot-pressed alumina, slip-cast zirconia, 
and pressure-less sintered silicon carbide. Three destructive inspection techniques and 
progressive lapping technique combined with scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM) were applied to assess and characterize 
grinding-induced damage in these ceramics. As a result, pulverization and micro-cracking 
grinding damages were identified. Damage depth was found to be related to the 
properties of ceramic materials, especially their brittleness. Damage penetration 
characteristics were outlined from their experiments. They showed that for a given 
grinding condition, damage penetrated deeper in less brittle materials than in more brittle 
materials. In addition, two types of grinding induced micro-cracks were identified, 
scattered and clustered. All four types of materials tested under various grinding 
conditions exhibited scattered micro-crack, while clustered type was only associated with 
less brittle materials subjected to relatively aggressive grinding conditions. The grinding 
characteristics and mechanism of material removal during surface grinding of silicon 
carbide by diamond-grinding wheel were investigated by S. Agarwal et al. The surface 
and subsurface characteristics of the ground silicon carbide showed that the material 
removal associated with this material was primarily due to the dislodgement of individual 
grains, resulting from micro-cracks along the grain boundaries. This advantageous 
phenomenon can subsequently reduce the grinding force and specific grinding energy. 
This led to an important outcome in ceramic manufacturing so that the silicon carbide 
could be efficiently ground without causing a significant loss to the surface integrity. 
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2.3.4. Tool wear 
 
One major problem of glass micro grinding is the tool wear caused by the hardness of 
material. The tool wear process can be divided into three main wear mode, namely 
Attritions wear, grain fracture, and bond fracture. Attritions wear which involves dulling 
of abrasive grains and the growth of wear flats by rubbing against the work pieces was 
found to be directly related to the grinding forces. Grain fracture refers to the removal of 
abrasive fragments by fracture within the grain and bond fracture occurs by dislodging 
the abrasive from the binder (Malkin and Guo, 2008).  
 
 Grinding wheel wear is usually expressed by the G-ratio, which is defined as the volume 
ratio of material removal to the wheel wear. G-ratios cover an extremely wide range of 
values (from below unity to up to 60,000). Most experimental studies of grinding wheel 
wear involve the measuring event of the G-ratio and the specific grinding energy for 
particular set of grinding conditions. While this approach has had partial success in the 
optimization of grinding conditions, very little has been learnt about the fundamental 
aspects of grinding wheel wear. Furthermore, small changes in grinding conditions often 
lead to the larger unexplained differences in the G-ratio (Malkin and Cook, 1971). 
 
Recent researches on micro-grinding have mainly focused on assessing its tool life and 
wear mechanism, since the performance of the micro grinding wheel is more sensitive to 
the tool wear than those of conventional size. The tool wear of electroplated micro-
grinding wheels in side grinding of porcelain and zirconia was investigated by Ohomori 
et al.(Yin et al., 2004). The wear mechanism of the metal bonded micro grinding wheel in 
end grinding of zirconia was studied by Feng et al. (Feng, 2007). Onikura et al. 
investigated its performance in end grinding of silicon suggesting that electroplated 
micro-grinding wheel wears too fast for the practical applications (Onikura, 2003). Luo et 
al. analyzed the wear of resin bond diamond wheel while grinding of tungsten carbide 
and  found that interrupted cutting causes higher grinding ratio while continuous cutting 
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causes poor  grinding  performance (Luo et al., 1997). Bai et al. (Bai et al., 2004) and 
Philbin et al. (Philbin and Gordon, 2005) has studied the wear mechanism of PCD cutter 
for laminated floor and wood based composites. 
 
However in practice, ductile regime machining of glass material is often limited by rapid 
wear of the diamond tool. Although a diamond tool can be used to cut nonferrous metals 
such as aluminum and copper for a distance up to a few hundreds of kilometers, 
(Hamada, 1985) when cutting glass an initially sharp tool will wear and become worn out 
rapidly. As the geometry of the contact zone between tool and the work pieces is 
extremely important for the attainment of perfect geometric shape, the wear of the 
diamond tool become a limiting factor in developing machining process for glass. Tool 
wear not only raises machining cost but also degrades product quality. The problem 
becomes particularly serious when machining large volume of components (C.K.Syn, 
April 1998). For this reason better understanding of the performance of the diamond tools 
in glass machining will result in significant production cost savings. Various researchers 
in the past have made their valuable contributions to the understanding of the process that 
take place when a diamond tool wears. However most of the work carried out has 
involved the wear of diamond tool in cutting metal materials. Up to date, there is very 
little literature available on the tool wear during glass micro-machining. 
 
Tool condition monitoring (TCM) plays an important role in improving reliability and 
promoting automation of the manufacturing process. One of the important tools of TCM 
is the tool failure detection which includes cracking chipping and fracture of the tool 
during machining. Several systems are commonly used based on the forces, acoustic 
emission, current and temperature. During ultra-precision machining on optical glass, 
material removed from the work piece at a very low material removal rate, the uncut chip 
thickness usually being at nanometer level to achieve minimal surface roughness. Power 
consumption, vibrations, force signal show very low sensitivity and low signal to noise 
ratio due to the involvement of low level force signal. Though, the systems based on the 
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cutting forces are considered to be the most promising, however in spite of the 
availability of the some of the commercial systems these are still considered not reliable 
enough, they require double checking by other different system. Moreover the 
dynamometer is costly and its installation is rather inconvenient and might weaken the 
machine structure. Therefore some other approaches have been used for tool condition 
monitoring, among them is the Acoustic emission signal which has been applied and to 
some extent has been successful. It is even better suited for monitoring very fast events 
than force measurement (Bifano and Yi, 1992; Dornfeld and He Gao, 1984; Hundt et al., 
1994). The AE signal has been classified into continues and burst type. The raw AE 
signal usually contain high frequency component which cannot be handle easily when 
using conventional signal processing equipment. An appropriate method for analyzing 
the AE signal based on the root mean square signal is often used and suitable for using 
with traditional signal processing system with much lower sampling frequency 
(Jemielniak and Otman, 1998). AE waves can be detected using AE sensor, which is 
mounted near the surface. The source of AE signal are the combination of elastic impact, 
friction, indentation crack, bond fracture, chip fracture, grain fracture, and grain removal 
at wheel work piece interface. Previous research indicated that, worn grit wheel loading 
heavy friction; hard bonded material can result in high AE energy. From the aspect of 
wheel loading, ploughing, and sliding contribute to the main source of  emission energy 
(Mokbel and Maksoud, 2000; Ravindra et al., 1997). Choi et al fused AE and cutting 
force in their attempt to develop a real time CMS for turning operations(Choi et al., 
1999). Similar work  conducted  by Jemielniak and Otman used statistical signal 
processing  algorithm to identify the root  mean square  skew and kurtosis of the AE 
signal  in order to detect catastrophic tool failure (Jemielniak and Otman, 1998). Kakade 
et al used AE signal to predict tool wear and chip form in milling operation by selecting 
AE parameters (Kakade et al., 1994). Analysis of signal concluded that AE signal could 
able to distinguish clearly cutting actions of a sharp and worn or broken tool. As for 
continuous monitoring, no suggestions were made, presumably because the method was 
deemed unsuitable. 
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2.4. Micro-EDM 
 
There are several methods for micro electrode fabrication processes for micro-EDM 
machine. This section explores those techniques to explore the feasibility of using those 
methods in the field of micro-EDM for fabricating micro features. 
 
Ravi et al reported on the development of an electro-discharge machining (EDM) block 
electrode method for the fabrication of microelectrodes with symmetrical sections, e.g. 
tapered, and circularly stepped, rectangular and triangular. In the EDM process, a newly 
developed machining strategy is applied for the fabrication of micro features. The 
machining is carried out with multi-pass machining to reduce the volume of material 
removed, and thus to reduce the possibility of electrode breakage. This strategy is found 
to be feasible for producing microelectrodes of various symmetrical sections down to a 
few tens of micrometers (Nachiappan Ravi, 2002) . From experiment, it is revealed that 
sparking energy and electrode rotational speed have considerably small influence a little 
on electrode diameter and feeding length was found to be inversely proportional to 
diameter at reverse polarity (Nachiappan. Ravi, 2002). 
 
Egashira et al fabricated 20 micron diameter micro-tools of cemented carbide with a D-
shaped cross-section and cutting edge radius of 0.5µm by wire electro discharge grinding 
(WEDG). However, the fabricated tool has the drawback of having curve cutting edge 
compare to commercial available cutting tool (Egashira and Mizutani, 2002) . Moreover, 
H S Lim et al fabricated on machine micro electrode tools with high aspect ratio by using 
stationary block electrode, rotating block electrode and wire electrode. The simplest 
method to machine a tool electrode is a stationary block. Wire of 0.07 mm in diameter 
can be used as a sacrificial electrode. When there is a dimensional change in the 
sacrificial electrode, the diameter of the tool electrode fabricated is usually unpredictable 
(Lim et al., 2003) . 
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F. T. Weng et al developed a multi-EDM grinding process to fabricate micro-electrodes. 
Rod electrodes of copper with diameter 3.00mm were cut to be 0.15mm on wire-EDM 
machine at first step. EDM grinding process was used to grind micro-electrodes to fine 
diameter bellow 20micron at second step. Micro-electrode can be fabricated through 
proposed multi-EDM process. Nevertheless a single process may not achieve desired 
micro size (Weng et al., 2003). Guohui et al presented a new fabrication method for 
tungsten microelectrode by means of pressure difference of plasma between cathode and 
anode in a single electrical discharge. Proposed method greatly shortens the 
microelectrode fabrication time and effectively improves the reliability of the 
microelectrode.  Tungsten microelectrode of 350 micron in length and 30micron diameter 
was fabricated in this method on the top of tungsten wire of 0.125mm in diameter which 
can be used as a drilling tool in micro EDM of a probe for scanner and measurement 
device (Cao et al., 2005). Another novel technique for fabricating efficiently precision 
cutting tools made from polycrystalline super hard materials is reported by A.G. Mamalis 
et al. For this purpose, a two-stage electro-discharge machining (EDM) was applied on 
diamond polycrystalline, by employing first wire-electrode EDM for rough cutting and 
subsequently rotational disc-electrode EDM for finishing operations. Experimental 
results obtained clearly indicate the applicability of the proposed two-stage technique for 
fabricating precision cutting tools that can be used for the production of machined 
components made from glass and plastics, ceramics, composite materials and non-ferrous 
metals, at an industrial scale (Mamalis et al., 2004). 
 
Another interesting fabrication process to build a unique micro-spherical diamond tool by 
using EDM combined with co-deposition of Ni-diamond composites was proposed by 
Jung-Chou Hung et al. Here, tungsten carbide rod machined to required shape by WEDG 
and then using EDM forming a sphere was formed on the electrode tip due to surface 
tension. ECM was also done to remove crater formed due to EDM. Finally, NI-diamond 
deposition took place on the tool tip. This tool can be used to machining molds (Jung-
Chou and et al., 2008). Shun-Tong Chen et al established another process quiet similar to 
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that one proposed by Hung et al, where micro-EDM with precision co-deposition was 
used to form a micro-electrode. Metal substrate was micro-EDMed to 50 micron diameter 
and diamond particle of 0-2 micron grains are electroformed on the surfaces of substrate. 
This miniature tool was used for ZrO2 ceramics grinding (Shun-Tong and et al., 2008). 
Again, in order to machine micro aspheric molds and dies made of ceramics, micro 
milling   tools made of polycrystalline diamond (PCD) are developed. H. Suzuki 
developed polycrystalline diamond (PCD) micro milling tool. At first the PCD wafer was 
bonded with a silver alloy on to a cemented carbide substrate and the bonded PCD plate 
was cut to small cylindrical chips by wire EDM. The PCD chip was bonded on to a 
cemented carbide shank with a silver alloy. Finally, the end face and side face of the PCD 
chip was ground and polished with a diamond wheel, and the cutting edges were ground 
and polished with a sharp diamond wheel. Some micro aspheric molding dies made of 
binder-less tungsten carbide were cut with the PCD milling tool developed (Suzuki et al., 
2007). Morgan et al demonstrates that PCD tools shaped by μEDM are also effective for 
micro machining brittle glass materials. This is significant since glasses are commonly 
used in tooling for micro molds, micro fluidics, lab-on-chip devices and bio-MEMS 
devices. Micromachining does not require a mask, enabling short lead-times for 
prototype devices. These important applications justify effort to advance micro 
machining with PCD tools. Prior to using PCD tools for micromachining, Morgan et al 
prepared the tools (shaped) with a three-step process consisting of wire EDM, wire 
electro discharge grinding (WEDG)  and μEDM with a polished flat surface. This process 
enables a wide variety of tool geometries that can be used for drilling and milling 
operations. Furthermore, the surface roughness of the tool is controllable with 
adjustments in the capacitance and voltage during μEDM, which suggests that the tools 
can be optimized for material removal rates and surface finish (Chris and et al., 2004). 
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2.4.1. Principles of EDM 
 
Electrical discharge machining (EDM) is based on the material erosion of electrically 
conductive materials. It is given through the series of specially discrete high-frequency 
electrical discharges (sparks) between the tool and the work piece (Llanes et al., 2001).  
When sparks are generated the electrode materials will erode and in this way material 
removal is realized. Every discharge (or spark) melts a small amount of material from 
both of them. Part of this material is removed by the dielectric fluid and the remaining 
solidifies on the surface of the electrodes. The net result is that each discharge leaves a 
small crater on both work piece and tool electrode (Allen and Lecheheb, 1996).  
 
In the EDM process, as the electrode charged with a high-voltage potential,  come close 
to the work piece, an intense electromagnetic flux or ‘energy column’ is formed and 
eventually breakdown the insulating properties of the dielectric fluid (Guitrau, 1997). The 
voltage then drops as current is produced, and the spark vaporizes anything in contact 
with it, including the dielectric fluid. The area struck by the spark will be vaporized and 
melted, resulting in crater being formed. Thus metal is predominantly removed by the 
effect of intense heat locally generated and collapse of the vaporized dielectric. Melting 
and vaporization actions are the causes of removing material in the EDM process 
 
2.4.2. Micro-EDM and Its Types 
 
The basic mechanism of the micro-EDM process is essentially similar to that of the EDM 
process with the main difference being in the size of the tool used, the power supply of 
discharge energy and the resolution of the X-, Y- and Z-axes movement (Masuzawa, 
2000). In micro-EDM the discharge energy is reduced to the order of 10
-6
 to 10
-7
 Joules 
in order to minimize the unit material removal. At low energies the net metal removal 
efficiency (measured volume/maximum volume that can be removed) has been found to 
be near 1.0 whereas at higher energy, the efficiency is found to fall off rapidly until 0.15.  
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Current micro-EDM technology used for manufacturing micro-features can be 
categorized into four different types (Pham et al., 2004): 
 Die-sinking micro-EDM, where an electrode with micro-features is employed to 
produce its mirror image in the work piece.  
 Micro-wire EDM, where a wire of diameter down to 0.02mm is used to cut 
through a conductive work piece.  
 Micro-EDM drilling, where micro-electrodes (of diameters down to 5–10μm) are 
used to ‘drill’ micro-holes in the work piece.  
 Micro-EDM milling, where micro-electrodes (of diameters down to 5–10μm) are 
employed to produce 3D cavities by adopting a movement strategy similar to that 
in conventional milling.  
 
There is another variant of micro-EDM called micro-WEDG (wire electro-discharge 
grinding) in which grinding is done using EDM mechanism. An overview of the 
capabilities of micro-EDM is provided in the table 2.1(Masuzawa, 2000) : 
 
 
Table 2. 1: Overview of the micro-EDM varieties 
 
Micro-EDM 
variant 
Geometric 
Complexity 
Minimum 
feature size 
Maximum 
aspect ratio 
Surface quality 
Ra (µm) 
Drilling 2D 5 µm ~ 25 0.05 – 0.3 
Die-sinking 3D ~ 20 µm ~ 15 0.05 – 0.3 
Milling 3D ~ 20 µm ~ 10 0.5 – 1 
WEDM 2 ½ D ~ 30 µm ~ 100 0.1 – 0.2 
WEDG Axi-sym. 3 µm 30 0.8 
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2.4.3. Advantages of micro-EDM over other micromachining 
processes 
 
Compared to traditional micromachining technologies micro-EDM has several 
advantages such as (Reynaerts et al., 1997): 
 EDM requires a low installation cost compared to lithographic techniques. 
 EDM is very flexible, thus making it ideal for prototypes or small batches of 
products with a high added value. 
 EDM requires little job overhead (such as designing masks, etc.). 
 EDM can easily machine complex (even 3D) shapes. 
 Shapes that prove difficult for etching are relatively easy for EDM  
2.5. Concluding remarks on the Literature review 
 
From the detailed literature review the following conclusions can be drawn which are 
considered in as this research proposal: 
 Recently, micro-grinding is becoming an alternative shaping process for brittle 
and hard material like glasses, especially, for manufacturing complex component 
shapes with high precision and good surface integrity. But no research has been 
reported on micro-grinding of glass material using on-machine fabricated PCD 
tool. 
 However, the main drawback of the micro-grinding of glass is that, its surface 
burr, and subsurface micro cracks, which have resulted from brittle mode cutting. 
Several researchers used ductile mode machining to avoid this entire problem. 
Still there is room for further exploration of this hybrid type of micro-grinding 
process. 
 The poor surface integrity of the ground glass often leads to mechanical 
degradation of these materials and the poor surface quality hampers the fluid flow 
in the micro fluidic channel. Hence, the quality and integrity of surface finish of 
ground glasses resulting from micro-grinding using PCD tool are of critical 
interest. But very few works have been done on improving the surface of micro-
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ground glasses. Moreover, tool wear during glass grinding is a very important 
issue to investigate, as the tool will experience severe wear due to abrasive nature 
of glass material. 
 As a result, the ways of improving the surface finish of glasses are required which 
can be a contribution to the micro-grinding of glass.  Since the tool preparation 
method and tool corner wear during micro-grinding have great influence on the 
surface quality of ground glasses, focus should be put on these two aspects. From 
literature review, it was found that if tool has low surface roughness it will 
generate lower roughness of the ground surface. In addition, bottom of the tool 
needs to be dressed so that rubbing effect does not significantly affect surface 
quality.  
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Chapter 3 
Experimental Setup and Methodology 
 
3.1 Introduction 
 
This chapter describes the experimental set up and experimental procedures used in the 
micro-grinding of glass reported in this thesis. The overview of the setup includes brief 
description of the machine tool, work piece, electrode and dielectric materials. 
Description of various measurement methods and equipment are also provided in the 
final section. 
3.2 Experimental Setup 
3.2.1. Multi-purpose Miniature Machine Tool 
 
A multi-purpose miniature machine tool that has been developed for high-precision 
micro-machining at National University of Singapore (NUS) has been used for 
conducting the block-EDM on PCD tool material and also micro grinding of glass has 
been performed using the on-machine fabricated PCD tool. This machine is energized by 
a pulse generator which can be switched to both transistor type and RC-type, and  is 
capable of performing micro-EDM, micro-turning, micro-milling, micro-grinding and 
micro-ECM by changing a suitable attachment where required. The maximum travel 
range of the machine is 210 mm (X) × 110 mm (Y) × 110 mm (Z) with the resolution of 
0.1 µm in X, Y & Z direction. Each axis has an optical linear scale with a resolution of 
0.1µm, and closed-loop feedback control ensuring accuracy of sub-micron level. 
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Fig.3. 1: Structure of the desk-top miniature machine tool used for the micro-EDM 
 
 
Fig.3. 2: A Detailed view of the set-up with micro-EDM attachment. 
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Fig.3. 3: A schematic view of the set up for Glass Micro-milling. 
 
 
The Machine is capable of using variable high speed, middle speed and low speed 
spindles for micro-milling, micro-turning and micro-grinding on the machine. The low 
speed spindle is electrically isolated from the body of the machine so that electrical 
machining, such as EDM and ECM, can be performed on the machine. The motion 
controller can execute a program downloaded from the host computer independently; 
thus a good EDM gap control can be achieved in a real time. Experimental set up for 
block EDM on PCD   is given in Fig. 3.2. While doing Glass micro-grinding, specimen is 
prepared in circular blank and mounted on top of the three–component force 
dynamometer (KISTLER type9345) fixed on the machine table. The dynamometer is 
connected to a charge amplifier (KISTLER type 5007) from which the output voltage 
signals are fed into a digital data recorder and the signals are recorded at a sampling 
frequency of 180 KHz. The schematic diagram of the experimental set up is shown in 
Fig. 3.3. 
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3.2.2. Work piece material 
3.2.2.1. Glass 
 
The work piece material used in this study is three different types of glasses (Bk7, 
Lithosil, N-FS14 glass). The work piece was fabricated and ground to 12.0 mm thickness 
with diameter 80.0 mm. The three glasses tested in this study represent a relatively wide 
cross section of those glass encountered practically in real life. Lithosil is known as one 
of the hardest glass which is difficult to machine. NSF-14 is softer glass and easy to 
material removal, whereas BK-7 glass is harder glass. The properties of the work piece 
material are shown in Table 3.1. 
 
Table 3. 1: Properties of Work piece material 
 
Glass E(Gpa) Kc(Mpa√m) Hk(Kg/mm2) Tg(◦c) 
Lithosil(fused 
silica) 
72 0.74 615 980 
BK7 82 0.85 610 559 
N-SF14 88 0.7 515 566 
 
3.2.2.2. Polycrystalline Diamond (PCD)  
 
PCD is increasingly used in high volume machining due to the superior tool life.  PCD is 
synthesized from extremely tough inter grown mass of randomly oriented diamond 
crystals bonded to a tungsten carbide substrate. It is manufactured by sintering together 
micron sized diamond grains at high pressure and temperature in the presence of a 
solvent/crystal metal, usually cobalt or cobalt/nickel alloy. During the sintering process, 
the voids between PCD grains are filled with cobalt binder. Unlike cemented tungsten 
carbide, however individual diamond grains actually bond to one another. The result is a 
tough hard product that will retain its shape and strength if some of the metal matrix is 
removed. In the case of tungsten carbide, when the binder phase is removed, the tungsten 
carbide grain breaks away from parent materials and from each other’s. For PCD, if the 
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matrix is eroded grains are still held together by the bonding between them (Philbin and 
Gordon, 2005). 
 
                                        
Fig.3.4: SEM micrograph of a ∅ 1 mm PCD tool with tungsten carbide shank. 
 
 
3.2.3. Electrode material For PCD 
The tool electrode material for PCD used in this study is pure tungsten of length 4.5 cm, 
width 1.3cm and height 0.5cm with negative polarity. The properties of the electrode 
material are given in the following Table 3.2. For glass grinding PCD works as tool. This 
pure tungsten is chosen due to its high melting point which will cause low wear of tool 
electrode. 
Table 3. 2: Properties of Electrode material 
 
Material  Tungsten 
Composition  99.9 % W 
Density  19.3 g/cm
3
 
Melting point 3370 
0
C 
Relative conductivity (to Silver) 14.0 
Specific resistance  56.5 µΩ 
Thermal expansion coefficient  4.6 × 10
-6
 K
-1 
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3.2.4. Dielectric fluid 
The dielectric fluid used in this study is EDM oil having relatively high flash point, high 
auto-ignition temperature, low viscosity and high dielectric strength. This fluid is clear 
mineral oil exhibiting good resistance  to oxidation, contains very low aromatics contents, 
low volatility and low pour point creating possibility of outside storage and low viscosity 
ensures evacuation of chips material. The properties of the EDM oil are shown in the 
Table 3.3.  
Table 3. 3: Properties of the Dielectric fluid 
 
Dielectric fluid EDM oil 
Density  0.77 g/cm
3
 
Flash point 259 
0
F 
Auto ignition temperature  410 
0
F 
 
 
Table 3. 4: Dynamometer specification 
Measurement range 
Fx,Fy,Fz:-250 to 250N 
Sensitivity 
Fx,Fz:-26pF/N,Fy:-13pF/N 
Linearity all ranges 
≤0.4(%FSO) 
Fixed frequency 
fx,fy,fz:5.1,5.5,5.6kHz 
Operating Temperature range 
0-70◦C 
 
 
Fig.3. 5: Kistler precision capacitive dynamometer. 
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3.3. Experimental procedures 
3.3.1. Micro-electrode fabrication 
 
Prior to using PCD tools for micro grinding, the tool was first fabricated with a two-step 
process of block micro-EDM and scanning micro-EDM in order to ensure a polished flat 
surface. A sacrificial tungsten block with high wear resistance was used for the tool 
fabrication. During fabrication using micro-EDM, the PCD tool was set in positive 
polarity and the tungsten block was used as negative polarity as shown by Jahan et al. 
(2010)(Jahan et al.). When a voltage is applied between the PCD rod and block, an 
intermittent spark occurs between the inter-electrodes gap. The spark causes a rise in the 
surface temperature of both the block and the rod to a point where the temperature 
exceeds the melting point of the materials. Consequently, a small amount of material is 
removed from both the electrodes and flushed away from the machine zone using side 
flushing. Since, diamond is not an electrically conductive material; the electrical 
discharges take place between the conductive electrode material and conductive cobalt.  
Consequently, the conductive cobalt material is removed during the EDM process and to 
expose new or fresh surface of PCD grains for the next grinding process.  This removal 
of cobalt material will leave the space between PCD grains which can subsequently work 
as chip storage place during grinding process. Sometimes the PCD grain will also fall off 
from the tool surface due to the excessive removal of the entire cobalt bonds around them 
as well.  The fall of diamond grain will accelerate the material removal process during 
EDM process as next spark will be exposed to the conductive cobalt material again, but it 
will enhance the wear progression during grinding process. In this process, surface 
roughness can be controlled by varying capacitance and voltage. PCD tool was fabricated 
to nearly 600 µm size using different energy during different experimentation. 
 
3.3.2. Micro-grinding of Glass 
 
After the fabrication of PCD tool with desired shape and surface finish using micro-
EDM, the tool was used for glass micro grinding on the same machine without changing 
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the tool from collet. During experiment, different feed rate, depth of cut and spindle 
speed were used depending on the aim of experiment. While glass micro-grinding, the 
work piece was mounted on top of a three-component force dynamometer (KISTLER 
type 9345) fixed on the machine table. The dynamometer was connected to a charge 
amplifier (KISTLER type 5007) from which the output voltage signals were fed into a 
digital data recorder and the signals are recorded at a sampling frequency of 180 KHz. 
Using the dynamometer and oscilloscope, the touching of tool bottom on the glass 
surface is made confirm. The specifications of the dynamometer used in this study are 
listed in table 3.5. Figure 3.2 shows the photograph of the set up representing glass 
micro-grinding with micro-EDM-fabricated PCD tool. Grinding forces and acoustic 
emission signal were recorded and optical images of tool were taken in between the 
experiments. The assessment of actual grinding tool wear was conducted by inspecting its 
topography and the channel geometry with FESEM and white light interferometer (Wyko 
NT2000). The white light interferometer has resolution of 0.1nm in vertical and 0.825µm 
in horizontal direction. 
3.4. Equipment used for measurement and analysis 
 
For measuring the dimensions, the Keyence VHX digital Microscope (VH-Z450) was 
used. Moreover, to obtain images of surface quality a Scanning Electron Microscopy 
(SEM) (JSM-5500.JEO Ltd) was used. An energy Dispersive X-ray (EDX) machine 
associated with the SEM was also used to investigate the surface properties changes of 
the work pieces material after micro-EDM process. The average surface roughness (Ra) 
and the distance between the highest pick and the lowest valley (Rmax) were measured 
using the Atomic Force Microscopy (AFM) technique, which scans the samples over an 
area of 40µmX40 µm. A Seiko Scanning probe microscope was used for this purpose. To 
monitor the grinding conditions, an oscilloscope aided with electronic data recorder was 
used as well. 
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3.4.1. Atomic force Microscope (AFM)  
 
Atomic force microscope (SEIKO scanning probe microscope) (Figure 3.6) is used to 
measure the surface roughness and distance between highest peak and lowest valley. 
Atomic force microscopy (AFM) technique scans the samples in an area of 40μmX40μm 
and displays the surface roughness of that area. Moreover it can also measure the peak to 
valley height of a line drawn across the surface. The microscope is able to scan an area of 
maximum 90μmX90μm. The radius of the probe tip is about 10 nm. This machine 
consists of two units – one is a probe station with a CCD camera and the other is a 
monitor for captured data processing with pre-installed windows supported software. 
 
 
 
Fig.3. 6: Atomic Force Microscopes. 
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3.4.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-
ray (EDX) Machine  
 
A Scanning Electron Microscope (SEM) (JSM-5500, JEOL Ltd,), as shown in Figure 3.7, 
was used to examine the surfaces obtained by using the RC setup. The microscope with 
one electron beam can be operated with a resolution of 4 nm. The maximum values of 
magnification and accelerating voltage which can be attained by the microscope, are 
50,000X and 30kV respectively. The probe current ranges from 10-12 to 10-6A. An 
Energy Dispersive X-ray (EDX) machine associated with the SEM was also used to 
investigate the properties of the work piece material. 
 
 
Fig.3. 7: Scanning Electron Microscope (SEM) also with Energy Dispersive X-ray (EDX) device 
3.4.3 Keyence VHX Digital Microscope  
 
Surfaces of machined work piece were observed under the Keyence VHX Digital Microscope 
(VH-Z450). This has two separate attachments with magnifications of 25X-175X and 450X-
1000X. This has the ability of give 3D surface profile. It also has a feature to capture the 
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image directly to the computer and offer on-screen measurement. The 450X-3000X lens was 
used to capture pictures of the surface. This machine consists of two units – one is a digital 
photo taker with an optical microscope and another is a monitor for captured digital data 
editing with pre-installed windows supported software. The picture of Keyence microscope is 
given in Figure 3.8. 
 
 
 
 
 
Fig.3. 8: Keyence VHX Digital Microscope 
3.4.4 Taylor Hobson Machine 
 
The Taylor Hobson Talysurf Model 120 stylus profiler is a precision metrology 
instrument used for measuring surface texture is shown in figure 3.9. All measurement 
functions are programmable and extensive analysis functions are available in the 
Windows-based measurement/analysis software. This machine was used to measure the 
surface roughness of the ground surface in this study. Due to its range limitation it is 
mainly suitable for measuring surface roughness of flat surface where probe range in z 
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direction is not big. Even though this machine was used for measuring surface roughness 
due to its better reliability taking shorter sampling length to keep the stylus range within 
limit. Detail specifications of this machine are given in table 3.5. 
 
 
 
Fig.3. 9: Picture of the Taylor Hobson Talysurf Model 120. 
 
Table 3. 5: Specification of the Taylor Hobson machine 
 
Traverse speeds  
 
1.0 mm / sec and 0.5 mm/sec (+/- 5%) 
Column traverse  
 
450 mm 
Stylus range  
 
6 mm range 
Stylus tip radius  
 
1.5 - 2.5 micron 
Stylus force over full range  0.7 - 1.0 mN 
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Chapter 4 
Experimental Studies of Micro-grinding of Glass 
 
4.1. Introduction 
The need for fabricated glass has been increasing to generate diversified functionalities 
on optical devices and bio-fluidics devices. In recent years, besides silicon, glass 
materials have important applications in micro-fluidics and micro-electromechanical 
systems (MEMS) as it can provide advantages like optical transparency, good 
fluorescence properties, dielectric properties, good chemical resistance, high thermal 
stability and high mechanical strength as demonstrated by Daridon et al. (2001)(Daridon 
et al., 2001). Micro-channels are integral part of micro-fluidic devices, which are used for 
various applications such as lab-on-chip, bio-MEMS-based sensors, etc. Depending on 
the manufacturing techniques, the channel surface has certain degree of roughness and 
this surface roughness of micro-fluidic channel affects the flow characteristics in the 
channel as demonstrated by Waghmare and Mitra (2008) (Waghmare and Mitra, 2008). 
Therefore, the development of processes which can produce smooth surface is of prime 
importance in the field of machining glass. This process should be applicable to small 
parts and micro-fluidics devices that comprise the main field of application of glasses. 
 
For certain applications, like DNA micro arrays used in DNA analysis, glass component 
with micro-features are typically produced by photolithography and etching process 
which is time consuming and may involve hazardous chemical. Although chemical 
etching has been used to fabricate micro-patterns on glass materials, the process is 
hazardous and takes longer time. In addition, some problems associated with chemical 
etching are slow etch rate, presence of non-volatile halogen compounds and overall the 
process is difficult to apply except silicon channel as demonstrated by Malek et al. (2005) 
(Khan Malek et al., 2007). Similarly, photolithography process of glass fabrication needs 
longer machining time with surface roughness in micro level, and also the process is not 
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cost effective as mentioned by Matsumura et al. (2005) (Takashi Matsumura, 2005). In 
order to solve these problems associated with photolithography and etching process, 
mechanical micromachining processes may be approached which is much faster 
compared to other processes and non-hazardous. However, high hardness and brittleness 
of glass make this mechanically micromachining process problematic due to damage 
resulting from material removal by brittle fracture, cutting force-induced tool deflection, 
breakage and tool wear as demonstrated by Morgan et al. (2004) (Morgan et al., 2004). 
The forces arising from the cutting process significantly influence MRR, tool life and 
performance as well as achieved surface finish. Therefore, in recent years researches are 
being carried out on fabricating micro-features with high level of surface finish using 
different mechanical micromachining processes. 
 
In order to reduce the arising cutting forces during machining and also to improve the 
surface finish and accuracy of the final structure, the size of the tools need to be 
minimized and fabricated on-machine. Moreover, fabricating on-machine cutting tool 
during mechanical micromachining has advantages like reduction of clamping error, run 
out error and position error. On-machine fabricated micro tools made of PCD can meet 
up this challenge of micromachining hard and brittle materials. A novel technique for 
fabricating precision cutting tools from polycrystalline super hard materials using micro-
EDM is reported by Mamalis et al. (2004) (Mamalis et al., 2004). Several researches have 
been carried out on micromachining of hard and difficult-to-cut ceramics and carbides 
using PCD tool. Suzuki et al. (2007) (Suzuki et al., 2007) developed PCD micro-milling 
tool in order to machine molding dies made of binder-less tungsten carbide. Chen et al. 
(2008)(Shun-Tong and et al., 2008) used PCD tool for grinding ZrO2 ceramics. PCD tool 
containing micron-sized diamond grains is manufactured by sintering under high 
temperature and pressure with metallic cobalt. The cobalt which fills the interstices 
between the diamond particles, serves as an electrically conductive network adequate for 
electro-discharge machining as demonstrated by Kozak et al. (1994) (Kozak J, 1994). 
Similarly, the mechanism of micro grinding phenomena using PCD tool was also 
 Experimental Studies of Micro-grinding of Glass 
 
 53 
explained by Liu et al. (1997) (Liu Y H, 1999). For the on-machine fabrication of 
microelectrodes into different cross-sectional shapes, several micro-EDM-based 
technologies have been used. Masuzawa et al. (1985) (Masuzawa et al., 1985) has 
introduced wire electro discharge grinding (WEDG) process as a novel technique to 
fabricate microelectrode on-machine before using in micro-EDM. The mesh electrode 
method was also suggested by Masuzawa (2000) (Masuzawa, 2000), which can produce 
microelectrodes of different shapes. In addition, Allen et al. (1997) has shown that the 
block EDM method of fabricating microelectrode is simpler and more effective compare 
to other processes (Allen and Lecheheb, 1996). Among all the micro-EDM based 
processes, block-µEDM using a conductive block as sacrificial and the PCD rod as a 
work piece has been identified as being a simple and useful approach for fabricating 
microelectrodes, due to its low investment cost and quick set-up as demonstrated by Ravi 
and Huang (2002). In recent years, many researchers are focusing on the micro grinding 
of hard glasses and ceramics using diamond grinding wheels (Nachiappan. Ravi, 2002). 
Among them, Takahashi et al. (2000) have studied the micromechanics of diamond 
composites tools during the micro grinding of glass materials (Takahashi and 
Funkenbusch, 2000). It has been reported that the evolution of grinding performance is 
strongly related to both the process conditions and the glass type. In addition, research 
has been carried out by Gao et al. (2009) on the surface characteristics of nano-zirconia 
ceramics during micro grinding using diamond grinding wheel with the aid of ultrasonic 
vibration (Gao et al., 2009). An investigation on the micro grinding performance of BK7 
glass material has also been reported by Sun et al. (2006)(Sun et al., 2006). Although 
extensive researches have been conducted on grinding of glasses using commercially 
available diamond grinding wheels, the application of micro PCD rod has not yet been 
studied extensively. Therefore, a number of issues remain to be solved before the micro 
grinding of glass using PCD tool becomes a well-accepted process, especially in 
industries. Moreover, research on the selection of optimum parameters for improved 
surface finish and reduced cutting forces during glass micro grinding is of prime 
importance.  
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Hence, this chapter intends to investigate the performance of PCD tool in micro grinding 
of three different glass materials (BK7, Lithosil and N-SF14) with varying hardness. The 
effect of micro-EDM conditions on tool surface during fabrication of PCD tool and its 
effect on the grinding performance are studied. In addition, experimental investigation 
has been carried out on the effect of grinding parameters on cutting forces and surface 
finish during micro grinding of different types of glass materials. 
4.2. Methodology  
Prior to using PCD tools for micro grinding, the tool was first fabricated with a two-step 
process of block micro-EDM and scanning micro-EDM in order to ensure a polished flat 
surface. A sacrificial tungsten block with high wear resistance was used for the tool 
fabrication. During fabrication using micro-EDM, the PCD tool was set in positive 
polarity and the tungsten block was used as negative polarity as shown by Jahan et al. 
(2010) (Jahan MP, 2009). When a voltage is applied between the PCD rod and block, an 
intermittent spark occurs between the inter-electrodes gap. The spark causes a rise in the 
surface temperature of both the block and the rod to a point where the temperature 
exceeds the melting point of the materials. Consequently, a small amount of material is 
removed from both the electrodes and flushed away from the machine zone using side 
flushing. In this process, surface roughness can be controlled by varying capacitance and 
voltage. After the fabrication of PCD tool with desired shape and surface finish using 
micro-EDM, the tool was used for glass micro grinding on the same machine without 
changing the tool from collet.  
4.3. On-machine Fabrication of PCD Tool Using Micro-EDM  
The commercial PCD is manufactured by sintering with micron size diamond grain under 
high pressure and temperature in the presence of a solvent/crystal metal like cobalt or 
nickel alloy. During the sintering process, the voids between PCD grains are filled with 
cobalt binder where individual diamond grains actually bond to one another. The effect is 
a tough and hard product. Even if some part of the metal matrix is removed it can retain 
its shape and strength as demonstrated by Philbin and Gordon (2005) (Philbin and 
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Gordon, 2005). The cobalt binder is removed during micro-EDM as it is conductive, 
whereas the PCD grain is exposed to the surface and can work as cutting edge during 
micro-grinding. However, as the surface finish of the fabricated tool can have significant 
influence on the micro-grinding performance, the effect of micro-EDM parameters is 
important to consider. Following section will present the effect of gap voltage, 
capacitance and depth of feed in each step on the machining time during the fabrication 
of PCD tool. A comparison on the performance of PCD tool in micro-EDM against 
widely used conductive tungsten rod was carried out to analyse the micro-EDM 
machinability of PCD.   
4.3.1. Effect of Gap Voltage 
Fig.4.1 (a) shows the effect of gap voltage on machining time during micro-EDM of PCD 
and tungsten (W) rod. It has been found that for both the materials, the machining time 
decreases significantly with the increase of gap voltage. This is due to the reason that 
with the increase of gap voltage the discharge energy per pulse is increased, which results 
in larger craters and causes more material removal from work piece. Keeping all other 
factors constant, an increase in voltage will result in increased energy per spark. It has 
been also observed that compared to pure tungsten, PCD material need higher machining 
time to be fabricated by micro-EDM. This is due to the higher electrical conductivity of 
tungsten materials which make it better machinable by micro-EDM. The non-conductive 
diamond particles of PCD material causes higher machining time during micro-EDM. 
One important observation at lower gap voltage is that the machining time for W 
becomes higher than that of PCD material. This is due to the reason that at lower gap 
voltage the spark gap between the electrodes becomes smaller, which prohibits flushing 
out of all the debris materials from the machined zone as demonstrated by Jahan et al. 
(2009a) (Jahan et al., 2009a). Therefore, the flushing out of cobalt binder in PCD tool 
becomes easier than that of tungsten at lower spark gap, which causes sudden increase in 
machining time for W material.  
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Fig.4. 1: Effect of operating parameters on machining time during the fabrication of PCD tool using micro-
EDM. 
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4.3.2 Effect of Capacitance 
 
The capacitor controls the charging and discharging process as well as the frequency of 
discharging. Therefore, the performance of the micro-EDM in RC-circuit is more 
influenced by the capacitance as demonstrated by Jahan et al. (2009b) (Jahan et al., 
2009b). It has been found in Fig.4.1 (b) that with the increase of capacitance the 
machining time decreases significantly as the discharge energy increases. As the 
capacitance value becomes larger, the peak current also increases. Therefore, the larger 
capacitance results in deeper craters which increase the material removal. It has been 
observed that the trend of reduction of machining time with increase of capacitance is 
more sharp during micro-EDM of PCD compared to W. However, for all the settings of 
capacitance, the machining time is lower in micro-EDM of W rod. As the melting point 
of PCD is higher than tungsten, machining time is also higher in case of PCD when 
removing same amount of materials under same machining condition. 
 
  
                                (a)                                                        (b) 
. 
Fig.4. 2: (a) Schematic diagram representing on-machine fabrication of tool electrode using block-µEDM, 
(b) schematic showing the geometry of feed length and wear length. 
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4.3.3. Effect of Depth of Feed in Each Step 
 
Depth of feed during tool electrode fabrication is the offset of the electrode length in X-
axis to the sacrificial electrode [see Fig.4.2]. Fig.4.2 (a) shows the schematic 
representation of the block-µEDM process of tool fabrication. The geometric definition 
of feed length and wear length during the block-µEDM process are presented in Fig. 
4.2(b) as demonstrated by Ravi and Chuan (2002) (Nachiappan. Ravi, 2002). Fig.4.1(c) 
shows the effect of electrode feed length on the machining time during micro-EDM of 
PCD and W rod. It is clear that the machining time will be higher for removing materials 
using a higher feed length, since more material has to be removed. However, if the tool 
fabrication is carried out in several steps, the overall machining time for fabricating a 
micro-electrode will reduce with increasing the feed length for a single step. Moreover, if  
a higher feed length is used during the final stages of fabrication, the fabricated tool can 
become more tapered. Therefore, the suggestion is that a higher feed length can be 
applied for rough machining at the first few steps of the fabrication process. However, 
during the final few steps of the fabrication process, the feed length should be kept low in 
order to improve surface finish and accuracy. 
4.4 Effect of Fabricated PCD Tool Surface on Glass Micro 
grinding  
 
After the tool fabrication process with micro-EDM, the on-machine fabricated tool is 
used to machine micro-slots on the glass surfaces using micro grinding process. During 
this grinding process, the surface roughness of the fabricated tool has significant effect. 
Therefore, to study the effect of PCD tool roughness on the grinding surface, three 
different tools were fabricated using three different levels of discharge energy in micro-
EDM. The three settings of electrical parameters are selected in such a way so that they 
can be classified under higher, medium and lower levels of discharge energy. The bottom 
of the tools were machined using scanning micro-EDM operation at the same electrical 
setting to make sure that the bottom surface has same roughness as side wall surface of 
the PCD tool. After that, three pockets were machined on Lithosil glass using micro 
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grinding with same cutting condition of axial depth of cut 2 µm, feed rate10 µm/min and 
tool rotational speed of 2000 rpm. 
Fig. 4.3 shows the comparison of the PCD tool surface after fabricating using three 
different levels of discharge energy settings. The optical images of the machined pocket 
surface on glass using fabricated PCD tools are shown in Fig. 4.4. The roughness profiles 
on the machined glass surface for three different tools are shown in Fig. 4.5. The surface 
roughness of the machined pockets was investigated using Taylor Hobson Profilometer 
(cut off length (Lc) of 0.08 mm, (Ls) 0.0025mm, bandwidth 30:1 and evaluation length of 
1mm) to study the cutting regime transition based on the scanned surface profile. It is 
obvious that during micro-EDM, machining with higher discharge energy will produce 
relatively larger craters and generate rougher surface. Therefore, fabricated PCD tool 
using high energy settings [Fig. 4.3(a)] resulted in rough surface on machined micro-slots 
after micro grinding [Fig.4.4(a) and 4.5(a)]. On the other hand, the tool fabricated by both 
medium and low discharge energy settings generates smooth surfaces on the glass after 
micro-grinding. However, it has been observed that the tool obtained by medium 
discharge energy has still some deposited molten materials on the surface [Fig. 4.3(b)], 
which can generate sudden abrupt change in surface roughness profile due to scratching 
by those deposited debris particles [Fig. 4.5(b)]. However, the tool fabricated using lower 
discharge energy generates very smooth surface on the PCD tool [Fig.4.3(c)], which can 
produce burr-free nanosurface [Fig. 4.5(c)] without any adhesion of chips [Fig.4.4(c)]. 
This is due to the fact that PCD tool with smoother surface generates smaller chips on the 
glass materials during micro-grinding that can be easily flushed out from the machined 
zone. Therefore, the overall surface finish improves in addition to reduction in adhesion 
of chips on the glass surface. Table 4.1 presents a summary on the micro grinding 
performance of PCD tool fabricated using different levels of discharge energy in micro-
EDM. 
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(a) C = 4700 pF, V=150 V     (b) C = 1000 pF, V=110V       (c) C = 100 pF, V=80 V 
 
Fig.4. 3: Comparison of PCD tool surface fabricated by micro-EDM at different settings 
 
 
 
(a) 
  
(b) 
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(c)  
 
Fig.4. 4: Comparison of surface finish of the machined pocket with the three different PCD tool fabricated 
using different energy settings; (a) with tool machined using 4700pF, 150V, (b) with tool [1000pF, 110V] 
(c) with tool [100pF, 80V] 
 
 
 
(a) Roughness profile (Ra = 60.2 nm) for the slot shown in Fig 4.4(a) 
 
 
(b) Roughness profile (Ra = 35.5nm) for the slot shown in Fig.4.4 (b) 
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(c) Roughness profile (Ra = 22.9 nm) for the slot shown in Fig. 4.4(c) 
 
Fig.4. 5: Comparison of surface roughness of slots machined by PCD tool with different settings 
 
 
Table 4. 1: Comparison of roughness of PCD tools and machined slots with those tools 
 
Discharge energy (D.E.) 
settings to fabricate PCD tool 
Surface roughness of fabricated 
PCD tool at different D.E. 
Roughness of the glass after 
micro-grinding with PCD tool 
Higher D.E.: 52.87 µJ/pulse 
V: 150 V, C: 4700 pF 
Ra = 1.90 µm, Rmax = 10.25 µm Ra = 60.2 nm, Rmax = 0.191 µm 
Medium D.E.: 6.05 µJ/pulse 
V: 110 V, C: 1000 pF 
Ra = 1.19 µm, Rmax = 7.73 µm Ra = 35.5 nm, Rmax = 0.159 µm 
Lower D.E.: 0.15 µJ/pulse 
V: 80 V, C: 100 pF 
Ra = 0.99 µm, Rmax = 5.91 µm Ra = 22.9 nm, Rmax = 0.148 µm 
 
 
4.5 Comparative Micro Grinding Performance of BK7, Lithosil 
and N-SF14 Glasses 
4.5.1 Comparison of Cutting Forces 
Machining of brittle materials like glasses using mechanical micromachining processes 
are difficult due to cutting force induced tool deflection and brittle fracture of glass 
materials. The forces arising from micromachining processes need important 
consideration as it can affect the material removal rate, surface finish and dimension of 
the microstructures. The following section will present a comparative analysis of cutting 
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forces generated along three axes during microgrinding of BK7, Lithosil and N-SF14 
glasses using on-machine fabricated PCD tool of lower energy. The dimension of 
fabricated PCD tool was of 670 µm diameter and 1mm length. The effect of cutting 
conditions on the grinding forces has also been presented.  
 
It can be observed from Fig. 4.6 that during microgrinding, the cutting forces experienced 
by Lithosil and BK7 glasses show some kind of pattern, whereas the forces experienced 
by N-SF14 show fluctuating trend. In fact the cutting force is supposed to increase with 
an increase in the axial depth of cut as demonstrated by Liu et al., (2008) (Liu et al., 
2008). It is seen from Fig. 4.6(a) that the force along X-axis shows an increasing 
tendency for Lithosil glass material, whereas for BK7 glass the force is becomes constant 
after initial increment. This may be due to loosing diamond particles during grinding as 
demonstrated by Feng et al. (2009) (Feng et al., 2009). It can be also explained from 
brittle fracture point of view. The cutting force is expected to become constant after the 
occurrence of brittle fracture, as further cutting only induces fracture without any 
deformation as established by Cai et al. (2007) (Cai et al., 2007). However, as force ratio 
of X to Y axis is less than unity, brittle cutting mode was dominating for grinding, which 
will be also clear from optical image shown later in surface roughness section. However, 
no specific trend of cutting force along X-direction has been observed for micro-grinding 
of N-SF14 which might be due to adhered glass material on the tool bottom surface from 
the previous cut.  
 
This adhered glass chip could be the result of thermal softening of glass material as NSF-
14 has comparatively lower transition temperature than other two glasses (Table-4.1).As 
a result of this; welded center line is also found from the optical image of this glass. It has 
been found from Fig. 4.6(b) that for all three different glasses, force along Y axis 
increases gradually with the increase of depth of cut. It is also seen that for same 
experimental conditions, cutting force along Y-axis is higher for Lithosil glass compared 
to BK7 and N-SF14 glasses. This may be due to difference in hardness between these 
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glasses, as Lithosil is the hardest and N-SF14 is least hard glass material. Force acting in 
Z direction is about 10 times higher than the force acting in the X and Y direction 
[Fig.4.6(c)]. N-SF14 glass experienced less cutting force along Z axis compared to 
Lithosil and BK7 glass, which may be due to its lower hardness. It has been also 
observed that cutting forces along Z-axis for N-SF14 shows slightly decreasing but 
zigzag trends with the increase of depth of cut. In addition to lower hardness of N-SF14, 
the reason may be the flatness error of glasses which causes tool deflection and tool lift 
up. This flatness error also results in tool disengagement and irregular material removal 
as demonstrated by Torres et al. (2009) (Torres et al., 2009). As Lithosil and BK7 glass 
have hardness nearer to each other, they experienced quite similar force along Z axis.  
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Fig.4. 6: Variation of cutting forces along (a) X-axis, (b) Y-axis and (c) Z-axis with depth of cut during 
micro-grinding of Lithosil, BK7 and N-SF14 glass materials 
 
 
Fig. 4.7(a), (b) and (c) show comparison of 3 dimensional forces (forces along X Y and Z 
axis) as a function of feed rate during microgrinding of Lithosil, BK7 and N-SF14 
glasses, where axial depth of cut was maintained at 1 µm. It has been observed that forces 
along Z axis was the dominant force during machining of glasses with PCD tool. Ratio of 
forces along X axis to Y axis was found less than unity which indicated that brittle mode 
cutting plays a dominant role as demonstrated by Cai et al. (2007) (Cai et al., 2007). As a 
result, change in feed rate did not significantly change forces acting along Z axis. Force 
acting along X axis increases slightly with the change of feed rate except NSF-14 glass. 
Significantly large fluctuation of force in Y-axis for Lithosil glass may be due to adhered 
chips on tool bottom surface from previous cutting. During micro grinding, the micro tool 
encounters more bending force due to its relatively smaller size of tool which may cause 
the tool fluctuation resulting in irregular material removal and changes in cutting force. 
This usually happens more once the tool bottom contains some of the material cut from 
previous cutting. Then the tool is supported by that smaller chip area.  This adhered chip 
on the bottom of tool from previous cutting results in the reduction of axial depth of cut 
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consequently causes the reduction of cutting force even with increment of feed rate. 
Moreover, the higher hardness of the Lithosil glass is responsible for relatively more tool 
wear which also may contribute to the reduction of axial depth of cut as well as cutting 
force. Hence, while increasing the feed rate, reduced axial depth may cause this kind of 
sudden fall of cutting force.  
 
For the other two glass materials, the cutting forces along Y-axis are almost constant. In 
this study, comparatively lower range of feed rate was used in order to maintain the 
grinding regime in the ductile mode cutting. Therefore, not much variation of cutting 
forces was observed within 1 – 25 µm/min feed rate in all three axes. 
  
It can be concluded from the above discussion on cutting force analysis that, the cutting 
forces in Z-direction (major force component) is higher in case of Lithosil compared to 
BK7 and N-SF14, which was mainly due to the variation of hardness in different glass 
materials. On the other hand, large volume of N-SF14 materials can be removed with 
lesser tool wear using a PCD tool. However, the BK7 glass showed intermediate 
behavior. Moreover, as the feed force to cross feed force ratio was less than one, it can be 
said that brittle regime cutting was still dominating during the microgrinding process. 
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(a)                                                                    (b) 
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Fig.4. 7: Variation of cutting forces along (a) X-axis, (b) Y-axis and (c) Z-axis with feed rate during micro-
grinding of Lithosil, BK7 and N-SF14 glass materials. 
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Fig.4. 8: Comparison of surface roughness for different glass materials with respect to (a) depth of cut and 
(b) feed rate 
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4.5.2 Comparison of Surface Roughness 
 
Fig.4.8 shows a comparison of average surface roughness obtained in different glass 
materials at various settings of axial depth of cut and feed rate. It has been observed that 
with the increase of depth of cut, the surface becomes rougher during grinding of Lithosil 
and N-SF14 glasses [Fig4.8 (a)]. However, there is little variation of surface roughness 
with increase of axial depth of cut in case of BK7. Similar results can be observed from 
Fig. 4.8(b), as BK7 glass was found to show little variation with increase of feed rate.  
 
It can be observed from Fig. 4.9 that, for almost every micro channels, surface roughness 
has a decreasing tendency from entry to middle of the pocket along width direction, and 
from middle to exit the roughness is increasing. First phenomenon may be due to 
exceeding minimum un-deformed chip thickness of the work piece and second 
phenomenon may be attributed to the micro crack induced fracture as demonstrated by 
Foy et al. (2009) (Foy et al., 2009). In addition to microgrinding, some rubbing action 
may also take place, which contributes to the final surface roughness and surface or sub-
surface defects. It is believed that rubbing will suppress fracture propagation but increase 
surface roughness, brittle machining will increase fracture propagation and surface 
roughness, and ductile machining will lead to a fracture-free, low surface roughness 
surface. Strictly speaking, rubbing is not responsible for any material removal, so only 
the cutting transition from brittle machining to ductile machining is usually of interest as 
demonstrated by Foy et al. (2009) (Foy et al., 2009)). In addition, the amounts of adhered 
materials are lower in case of BK7 glass, comparatively more in N-SF14 and almost none 
for Lithosil. The reason behind this might be the variation in transition temperature, 
which is higher for Lithosil glass, lower for BK7 and the lowest for N-SF14 glass [Table 
3.1]. Due to lower transition temperature of NSF-14 glass material, some glass chips 
adhered on the ground surface with the generation of temperature during machining as 
demonstrated by Torres et al. (2009) (Torres et al., 2009).  
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       (i) Entry                                    (ii) middle                                 (iii) exit 
(a) 
 
 
 
     
          (i) Entry                                  (ii) middle                               (iii) exit 
(b) 
     
            (i) Entry                                (ii) middle                                 (iii) exit 
(c) 
 
Fig.4. 9: Comparison of surface finish (optical image) between (a) Lithosil, (b) BK7 and (c) NSF-14 
glasses at different location of the machined slots 
 
Fig.4.9 also presents a comparison of machined surface for three different glass materials 
after microgrinding process using on-machine fabricated PCD tool. The PCD tool has 
been fabricated using the lowest energy settings (80 V, 100 pF), as fabricated tool using 
this setting was found to provide improved surface finish [see Figs.4.3 – 4.5]. It can be 
seen from Fig. 4.9 that both the Lithosil and BK7 glass provide surface finish with low 
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amounts of adhered glass chips. Among the three glasses, BK7 glass provided the lowest 
average surface roughness and Lithosil glasses produced surfaces with lesser amount of 
adhered glass chips. However, the slot produced in N-SF14 after micro-grinding using 
PCD tool was found to suffer from extensive adhesion of chips materials. It can be 
observed from Fig. 4.9(c) that in addition to adhesion of chips on the surface, a dragging 
track was observed in the middle portion of ground surface. The reasons for this 
scratching or dragging effect is due to the zero velocity effect at the center of PCD tool, 
which trap chips and drag them along the cutting path without cutting as demonstrated by 
Izman and Venkatesh (2007). This has been confirmed, as the PCD tool bottom was also 
dressed in two steps in order to ensure flat surface of the PCD tool. Moreover, with the 
increase of coolant pressure this mark tends to reduce to a great extent. However, in this 
study during microgrinding experiments higher volumetric coolant flow was used so that 
traces of drag lines are minimized, though still some traces was there like in Fig. 4.9c(ii). 
It has been observed that although Lithosil glass provides comparatively smoother 
surface, the traces of PCD tool path was noticeable on the machined surface [Fig. 4.9(a)]. 
On the other hand, the machined slots in BK7 glass have fewer tool path marks in 
addition to lower average surface roughness and fewer adhesions of chips. The better 
performance of BK7 glass may be associated with the higher fracture toughness of the 
materials. The higher the fracture toughness of a material, the bigger will be the fracture 
resistance. The higher fracture resistance allows better machinability in addition to lesser 
surface defects due to cutting forces. Moreover, due to higher facture resistance, 
microgrinding of BK7 glass involves more ductile material removal mode and more 
stable interaction between material and diamond grains resulting in less grinding force as 
demonstrated by Zhao et al. (2007) (Zhao et al., 2007).  
 
The phenomena of adhering chips on PCD tool tips are supported by the observation of 
tool bottom surface and EDX analysis of PCD tool before and after micro grinding. Fig. 
4.10 shows the EDX analysis of the PCD tool before and after micro-grinding of BK7 
glass. It has been observed that there is significant amount of materials migrate from 
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glass materials to the PCD tool after the micro-grinding process. This is due to the 
attached chips of glass materials that adhered to the PCD tool during grinding. The 
percentage of parent materials (C: 74.10%, Co: 11.93%) of the PCD tool decreases (C: 
61.90%, Co: 3.19%) in addition to increase in foreign materials after micro-grinding of 
BK7 glass due to adhered chips of glasses. These adhered foreign materials have close 
relationship with final surface finish, as increased amount of glass chips on PCD tool 
caused an increase in surface roughness of ground glass pockets in addition to making the 
surface faulty. 
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(b) 
 
 
Fig.4. 10: Comparison of the material composition of PCD tool (a) before and (b) after micro-grinding of 
BK7 glass 
 
In order to observe and compare the surface finish more comprehensively, a comparative 
analysis of 3D surface textures obtained by AFM is shown in Fig. 4.11 using an axial 
depth of cut of 2 µm and feed rate of 1 µm/min. It can be seen that for the same scale of 
crater heights 500 nm, the surface of BK7 shows lesser amounts of white peaks 
indicating smoother surface [Fig.4.11 (b)]. On the other hand, it is clearly observable that 
among the three glasses, Lithosil glass provides roughest surface [Fig. 4.11(a)]. The Ra of 
the surfaces shown in Fig. 4.11 was measured using a profilometer and found to be 35.9 
nm for Lithosil, 12.79 nm for BK7 glass and 26.6 nm in case of N-SF14 glass material at 
the same grinding condition, i.e. axial depth of cut 2 µm and feed rate 1 µm/min. 
 
Finally, using the optimum settings of PCD tool dressing and micro grinding conditions, 
micro-features were machined in BK7 glass. Fig. 4.12 shows the machining of characters 
C
o
u
n
ts
 
 Experimental Studies of Micro-grinding of Glass 
 
 73 
“N” and M” using micro grinding process with the on-machine fabricated PCD tool. It 
can be observed that the surface generated in the machined slots is smooth and clear from 
any adhesion of chips. The average surface roughness on the pockets is measured about 
12 nm. 
    
                                 (a)                                                                         (b) 
 
(c)  
 
Fig.4. 11: Comparison of 3D surface texture (at d.o.c.: 2 µm, f: 1 µm/min) of (a) Lithosil, (b) BK7 and (c) 
N-SF14 glasses obtained by AFM  
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(a) (b) 
 
Fig.4. 12: Fabrication of “N” and “M” slots on BK7 glass using micro-grinding process with on-machine 
fabricated PCD tool 
 
 
4.6 Concluding Remarks 
A comparative analysis on the micro-grinding performance of three commonly used glass 
materials: Lithosil, BK7 and N-SF14 glass was carried out using an on-machine 
fabricated PCD tool. The effect of micro-EDM conditions on tool fabrication, and its 
performance during microgrinding was studied. In addition, the effects of grinding 
parameters on cutting forces and surface roughness were investigated. Following 
conclusions can be drawn from this experimental investigation: 
 
 The micro-EDM parameters have significant influence on the surface roughness 
and performance of the fabricated PCD tool during glass micro-grinding. 
Considering the machining time, optimum parameters for micro-EDM was found 
to be 120 V, 1000 pF and 30 µm feed length. Nevertheless, better surface 
roughness required the consideration of lower energy level. During the fabrication 
of PCD tool using micro-EDM, lower discharge energy produces smooth surface 
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on the PCD tool, which generates smaller chips on the glass surface during 
microgrinding and eventually generates better surface finish. 
 The increase of axial depth of cut and feed rate results in increase of cutting 
forces along all axes, although some variations of forces are observed. Surface 
roughness was found to increase with the increase of axial depth of cut and feed 
rate. An axial depth of cut of 2 µm and feed rate of 1 µm/min was found to be 
optimum in terms of cutting forces and achieved surface finish. 
 The cutting force is higher in case of Lithosil glass followed by BK7 compared to 
N-SF14. The BK7 glass showed intermediate behaviour by generating moderately 
lower cutting forces and causing lesser adhesion of glass chips at the bottom of 
PCD tool.  
 For the slots machined by micro grinding using PCD tool, surface roughness is 
lowest at the middle of the slot with an increasing trend along the corners of the 
slots. In addition, some traces of scratching and dragging track was observed at 
the middle portion of the machined slot, especially in N-SF14 glass materials, as 
brittle mode cutting regime was found to dominate in this region. 
 BK7 glass has better machinability during micro grinding with on-machine 
fabricated PCD tool based on cutting force and surface roughness analysis. 
Finally, smooth and defect-free surface with lowest average surface roughness of 
12.79 nm has been achieved in the micro grinding of BK7 glass using micro-
EDM-fabricated PCD tool. 
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Chapter 5 
Effects of Cutting Tool Geometry on the Glass Micro-
grinding Process 
 
5.1. Introduction 
 
Due to heavy industrial demand of three-dimensional complex micro-shapes, fabrication 
of different shape tool has got importance in addition to commercial ones. Generally, it 
has two purposes; on machine fabrication minimizes clamping error, and freedom of 
desired shape and size of tool.  Several methods are available to meet these requirements.  
Among these methods, focused ion beam, mechanical diamond grinding and diamond 
turning have been most extensively used (Nakazawa, 1994).  However, the fabrication of 
such tools by diamond grinding gives rise to difficulties, associated with high cost of 
diamond wheel due to large consumption of diamond.  Besides this, diamond grinding is 
characterized by significant mechanical and thermal impact on the work piece resulting in   
the formation of split and flaw (Mamalis et al., 2004).  As a result, conventional tool 
fabrication processes including grinding and turning which apply large force to work 
piece cannot be applied due to low strength of small sized tool (Egashira and Mizutani, 
2002).  In addition to this, focused ion beam is problematic as it has Gaussian distribution 
that causes material removal at the axis of beam rather than around the periphery 
(Friedrich et al., 1997).  On the other hand, whereas the efficiency of traditional cutting 
processes is limited by the mechanical properties of the processed material and the 
complexities of work piece geometry, electro discharge machining is not subjected to 
such restrains.  EDM, now a day is extensively and successfully applied for difficult-to-
cut material (Mamalis et al., 2004).  Concerted research efforts have been directed 
towards the development of fabrications technologies for micro-electrodes using micro-
EDM.  Among all these methods, wire electro-discharge grinding (WEDG) method, mesh 
method, EDM block method, LIGA and other micromechanical machining method are 
commonly practiced. The block EDM method has been extensively used due to its lower 
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investment cost and easy set up.  More importantly, it makes possible on-machine 
fabrication of electrode, which reduces electrode installation cost and error (Nachiappan 
Ravi, 2002).  In addition to this, with micro EDM technology, there is no direct contact 
between electrode and work piece, thus eliminating mechanical stress, chatter and 
vibration problems (Jung-Chou and et al., 2006). In our previous work, we have used 
block EDM method only for shaping circular tool using simple tungsten block (Perveen 
et al.).  Different geometry of tool has not been tried and is not possible with that 
tungsten block even.  Therefore, in this study modification of block EDM method for 
fabricating electrodes of various shapes has been chosen and with those on machine 
fabricated electrodes, micro-features of different types can be fabricated on glass. 
Although numerous researches have been conducted on grinding of glasses and silica 
using commercially available diamond grinding wheels (Gao et al., 2009; Sun et al., 
2006; Takahashi and Funkenbusch, 2000), the application of micro PCD rod has not yet 
been studied extensively. A number of issues remain to be solved before the micro-
grinding of glass using PCD tool becomes a well-accepted process, especially in 
industries. Moreover, extensive researches on the selection of optimum tool geometry for 
improved surface finish, reduced cutting   forces, and less wear are still scarce. Hence, 
this chapter intends to investigate the possibility of fabricating PCD tools of different 
geometry using block-EDM process for glass micro grinding. Moreover, the effect of tool 
geometry on cutting forces, achieved surface finish and tool wear during the micro 
grinding of BK7 glass has also been studied. 
 
5.2. Methodology 
 
For the fabrication of different geometry tool, specially prepared fixture is required to 
use. The block containing three v-slots was designed and manufactured by wire EDM. 
Prior to using PCD tools for micro grinding, the tool was first fabricated with a two-step 
process using block micro-block EDM and scanning micro-EDM with a polished flat 
surface. The use of a specially designed conductive block as a tool electrode and the PCD 
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rod as a work piece in block-µEDM has been identified as a useful approach for 
producing microelectrodes of different shapes due to its low investment cost and quick 
set-up rather then WEDG. A tungsten block of higher wear resistance was used for this 
specially designed block fabrication, which is used for PCD tool fabrication later on. 
During the tool fabrication process, the tool was set in positive polarity and the tungsten 
block was used as negative polarity. When a voltage is applied between the rod and 
block, an intermittent spark occurs between the inter-electrodes gap. Subsequently, the 
spark caused a rise in the surface temperature of both the block and the rod to a point 
where the temperature exceeded the melting point of the materials. Consequently, a small 
amount of material is removed from both the electrodes and flushed away from the 
machine zone using side flushing. In this process, varying capacitance and voltage can 
control surface roughness. Side surface of tool was prepared using 1000pF and 100V, for 
bottom surface 100v and 100pF was used. After the fabrication of PCD tool with desired 
shape and surface finish using block-EDM, the tool was used for glass grinding on the 
same machine without changing the tool from collet. During glass micro-grinding, the 
specimen was mounted on top of a three–component force dynamometer (KISTLER type 
9345) fixed on the machine table. The dynamometer was connected to a charge amplifier 
(KISTLER type 5007) from which the output voltage signals were fed into a digital data 
recorder and the signals were recorded at a sampling frequency of 180 KHz. Thereafter, 
average diameter and length of the microelectrodes were measured and examined using 
Keyence optical microscope and SEM.  
 
5.3 Fabrication of Different Geometry of Micro tools in Single 
Setup 
5.3.1 Design and Fabrication of Fixture 
 
For the fabrication of square, circular, D-shape, triangular, conical shape tool of 60º, 90º 
and 120º, a fixture was manufactured which made possible the fabrication of all these 
shapes in single set up.  For this purpose, Makino conventional horizontal wire EDM 
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machine was used, the ultra-high accuracy UPJ-2 automatically threads and machines 
with wire as small as 0.00078 inches (0.02 mm) in diameter.  Wire EDM conditions were 
automatically fixed by the wire material and diameter and work piece material and 
thickness.  In this case, brass wire of 200µm diameter and work piece material of WC 
(3mm cut thickness) was used.  Angles of these V-shapes were determined to be 60º, 90º, 
and 120º respectively. Fabricated block is shown in Fig.5.1. Fig.5.2 illustrates the 
schematic of this fixture along with the tool for fabricating triangular, conical and square 
microelectrodes. 
 
Fig.5. 1: Specifically designed block. 
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Fig.5. 2: Schematic diagram (a) Before machining PCD rod along with fixture prepared by wire EDM for 
triangular microelectrode (b) same fixture in different orientation for conical micro-electrode preparation(c) 
fixture orientation for square and D-shaped tool. 
 
5.3.2 Fabrication of Microelectrode for Micro-grinding Glass 
 
Microelectrodes of symmetrical and non-symmetrical sections can be fabricated using 
this specially designed block. Unlike conventional EDM machining, it is critical to carry 
out micro-machining in EDM system with a few machining passes, as a high volume of 
material removal in a single step may lead to electrode breakage, especially when 
required electrode size is of micron level.  The above-mentioned technique has been used 
for fabricating symmetrical electrode using indexing attachment with transistor type 
circuit and with tungsten tool electrode (Nachiappan Ravi, 2002). The authors suggested 
setting the micromachining in Z direction rather than Y direction to reduce the machining 
contact area and electrode breakage.  The basic of block micro-EDM will be the same 
here in this study; only change is to use one fixture of desired shape.  Fig.5.2 shows the 
methodology of fabricating microelectrodes with different shapes and cross sections. As 
demonstrated in Fig.5.2 (a), the rod electrode was feed downward from CD edge to the 
required feed length in Z direction along the face of triangular slot without tool rotation. 
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Few passes was required to remove the material to have desired electrode shape. From 
mechanical drawing the number of passes was calculated and dimension of tool was 
checked using camera during machining. Once one face of the triangle was prepared, and 
then next DE edge of triangular slot was used to fabricate another face.  Finally, BF edge 
was used to get the third face of triangular tool.  Thus, using this method, fabrication of 
equilateral triangle and triangle with others angles too are possible. 
 
Next for making conical tool, 3 slots of 60º 90º and 120º were already cut in the tungsten 
block. For conical tool, the same block was tilted to 90°.  Slope of these triangular slots 
were used to fabricate different angle conical tool.  In Fig.5.2 (b), PCD rod with rotation 
was feed along the slop in Z direction. After one pass was finished, tool was moved along 
Y-axis to have fresh place of cut and then next pass along Z-axis started.  Hence, in this 
way, conical tools of 3 different angles were possible to fabricate.  In addition to this, 
AB, EH, BF, and FG edge of the same block were used to fabricate square tool without 
tool rotation.  Moreover, any of the edges like AB or BF can be used to fabricate circular 
tool with tool rotation.  When tool was given feed along Z direction without rotation, D-
shaped tool was possible to fabricate.  Thus, using this same block, it is possible to 
fabricate triangular, square, conical, circular and D-shaped tool.  Fig.5.3 showed the 
fabricated tools using this specifically designed block. 
                        
 
     (a)                                                     (b)                 
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(a) (d) 
Fig.5. 3: (a) Circular tool (b) triangular tool (c) square tool (d) D-shaped tool. 
 
5.4. Comparison on Micro-grinding Performance of Different 
Shape Tool on BK7 Glass 
5.4.1 Comparison of Cutting Forces 
Brittle material like glass is very problematic to mechanically micro machine due to 
damage resulting from material removal by brittle fracture, cutting force induced tool 
deflection or breakage and tool wear. The forces arise from micromachining processes 
need important consideration as it can affect the material removal rate, surface finish and 
dimension of the microstructure. The following section will present a comparative 
analysis of cutting forces generated along all three axes during micro-grinding of BK7, 
glass using on-machine fabricated four different shaped PCD tool. The cutting conditions 
(depth of cut=2 µm, feed rate=25 µm/min, spindle speed=2000 rpm) remain same for all 
experiments. In addition, the effect of cutting geometry on the grinding forces and 
surface finish of the glass has been investigated. The analysis of cutting forces has been 
carried out for four different tools geometry like circular, triangular, square and D-shape 
tool. Fig.5.4(a), (b), (c), (d), (e), (f), (g), (h), (i), (j) (k), (l) showed the cutting force for 
the above  mentioned tools. 
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Fig.5. 4: (a),(b),(c) cutting force for circular tool(d)(f)(g) cutting force for d-shape tool (e)(h) (g) cutting 
force for triangular tool (i)(j)(k)(l) cutting force for square tool. 
 
 
With the change of cutting tool shape, how the cutting force along three axes has changed 
can be seen from Fig.5.4. From the cutting force vs. time curves it has been found that 
cutting force for D-shape tool is quite different from other tools. Discontinuous cutting 
was observed for D-shape tool (throughout the whole cycle it does not remove material, 
when the D-shape is on the opposite to feed direction it does not remove any material at 
that time), which results zero point force in curve. For one full rotation, it removes 
material during half rotation and during rest half rotation removes chips. Hence, due to its 
shape chip removal becomes easier in case of D-shape tool. On the other hand, square 
tool cut with 2 or 3 edges at the same time and triangular tool cut using 1 or 2 cutting 
edges at the same time. In fact, the 3 and 4 edges of triangular and square tool work like 
single point cutting tool.  So cutting process become intermittent for these two tools.  In 
addition, circular tool exhibited continuous material cutting using its periphery consisted 
of diamond grains. All of the force curves are sinusoidal though they have some 
difference in their pattern, which indicates the difference in cutting process due to 
different geometry of tool. For example, in case of circular tool cutting force curve, every 
cyclic pattern consists of small small cycle due to the stochastic nature of cutting using 
infinite numbers of diamond cutting edge. That is why lots of peaks are observed on the 
curve. In fact, rake angle is changing from 0° at side surface to 90° at middle of the 
surface for circular tool but there is no clearance for chip removal. When the tool become 
machined to D-shape, force pattern become so sharp still possessing some peak. For D-
shape tool, rake angle is varying like circular one, but clearance area for chip removal has 
been facilitated due to its shape. In case of square tool, crown like sinusoidal force curve 
along axes with lots of peak has been found. Along with material removal by the edge, 
side surface can sweep the chip away from the machined area. 
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(c) 
Fig.5. 5: Average, minimum, and maximum cutting force (a) along X axis (b) along Y axis (c) along Z axis 
for different geometry tool. 
 
 
Fig.5.5 (a) (b) and (c) shows average, maximum, and minimum force data for same 
cutting condition for different shape tools. Error bar was used in the figure to indicate the 
minimum and maximum force experienced by these tools. From average force data, it 
was found that average forces along three axes for square tool were higher than other 
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shaped tools. To the contrary, D-shaped tool experienced lower force in all axes 
compared to others. In addition, force experienced by circular tool along Z and X-axis are  
also comparatively higher than other tools but little smaller than square tool. For the same 
cutting conditions, force along Z axis showed decreasing tendency form circular tool to 
D-shape tool and triangular tool and then increases again for square shape.  On the other 
hand, force along X and Y-axis showed decreasing trend from circular to d-shaped tool 
and then increasing tendency from triangular to square tool.  Higher cutting force along 
Z-axis resulted in the more bending effect for square tool then other tools. While 
observing force variation e.g. maximum and minimum force, it was found that circular 
and D-shape tool experienced variation higher than rest of the two tools. This is probably 
due to the stochastic nature of cutting in case of circular and d-shape tool. Triangular and 
square tool has defined geometry and therefore they only cut with their three or four 
edges. At the same time in case of triangular or square tool two or three edge are taking 
part in cutting process. These edges consist of diamond grains, which stand in straight 
line along edge. Moreover, chip removal is easier for these tools compared to circular 
tool. Hence, chip loading on these tools will be comparatively less then circular tool. As a 
result, variation of force for square and triangular is less than others. On the other hand, 
circular and D-shape tool surface consist of non-countable diamond grains. Circular tool 
removes material from the surface continuously whereas, D-shape tool remove material 
during half cycle. Hence chip removal is also easier for D-shape tool. Even that due to 
stochastic nature of cutting, variation of force is higher for these two tools. Significantly 
reduced amount of cutting force can be observed for the D shaped. Its chip clearance 
space is higher compared to circular, triangular and square tool. As the D shape tool 
removes material in half cycle while the other half cycle it clears the chip from the 
surface, the occurrence of additional force due to chip attachment on the surface is 
reduced. For circular tool, it removes material continuously throughout the whole cycle 
and does not have clearance for chip removal, so that some chip adheres on the machined 
surface. For triangular and square tool, they also cut intermittently and these tools also 
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have some clearance space for chip removal as well but not as good as that with the D 
shape tool. 
 
5.4.2 Comparison of Surface Roughness 
 
 Surface roughness is a measure of texture of a surface. It is quantified by the vertical 
deviations of a real surface from its ideal form. If these deviations are large, the surface is 
rough; if they are small the surface is smooth. Surface roughness of the machined surface 
was measured using Atomic Force Microscopy (AFM), Taylor Hobson Profilometer. In 
addition, optical image of machined surface using different shape tool was also taken to 
compare the cutting mode (ductile or brittle). From optical images in Fig.5.8, it can be 
observed that ductile mode cutting was dominant for all four different type tools. Surface 
roughness has been improved much using D-shape, triangular and square tool rather than 
circular. Fig.5.6 shows a comparison of 3D surface topography of the machined surface 
using different shaped PCD tool. From AFM images of machined surface, it is clearly 
seen that how the surface has experienced transition with the change of the cutting edge 
shape. It has been observed that, except circular PCD tool, the surfaces generated by 
other tools are comparatively smoother. Surface machined by circular tool contains small 
small particle throughout the whole area, which are absent on the surface machined by 
others tools. Except circular tool, all the tools have some clearance space which facilities 
easy chips removal. Chips removed by the circular tool have the higher chance of being 
paste on the machined surface again due to continuous cutting. Hence, this might be due 
to easy chip removal for other tools rather than circular one, although the entire surfaces 
still have some scattered sudden peak here and there. Moreover, these peaks are 
prominent for the all the tool except circular one. During machining, materials adjacent to 
the tool edge are immediately compressed and displaced upward form the bulk work 
pieces. As the tool is further advanced more material along the cutting path is displaced 
on the tool edge with a change in direction according to the degree of curve radius. 
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Therefore, these high peaks are becoming noticeable in case of square triangular and D-
shape tool (Soon, 2009). 
        
      
(a)                                                                   (b) 
 
 
 
 
 
      
(c)                                                                      (d) 
Fig.5. 6: AFM image of machined surface using (a) Circular shape (b) D-shape (c) Triangular tool (d) 
Square tool. 
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Fig.5. 7:  Surface roughness value for different tool. 
 
A comparison of average surface roughness and maximum roughness values of machined 
surface are shown in Fig.5.7. It was found that average roughness of the machined 
surface has been improved a little form circular tool to d- shape and square tool. Surface 
machined by triangular tool has higher average and maximum roughness than the rest. 
The reason behind this higher roughness is the sudden peak density, which is higher in 
case of surface machined by triangular tool.         
     
    
(
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Fig.5. 8: Optical image of ground surface by (a) Circular (b) D-shape (c) 
Triangular (d) Square tool. 
 
 
Fig.5.8 showed the optical images of ground surface for different tool geometry. It was 
observable from the optical images that all four tools produced ground surface with better 
roughness. Some grinding marks were also present on the surface as well. Magnified 
image of side of the grooves were also presented in Fig.5.9. For surface ground by 
circular tool side seemed reasonably straight even in higher magnification. For D-shape 
tool, the edge of the micro-slots became deteriorate at some position. Side flow of glass 
material has been found. The edge of micro slot machined by triangular tool was found to 
be worst among all. Usually, material around the cutting edge was subjected to high 
pressure which causes the material to flow to the side. The similar phenomenon can be 
observed in case of machining with blunt tool edge, which tries to remove more material 
from the side surface than a sharp edged tool. Comparatively larger radiuses of curvature 
at the edge of the slots are the typical proof of the phenomenon. In addition, the edge 
surface machined by square tool also had some waviness as well but with lower curvature 
than that of triangular tool. Moreover, this side surface phenomenon was not present 
throughout the whole groove rather it appeared suddenly on the machined grooves. 
Among all the surfaces, the ground surface with triangular shaped PCD tool suffered 
more rounding in edge of the micro-slots, thus providing inferior surface finish at the side 
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wall of the slots. Brittle and amorphous properties of glass material can also contribute to 
this side flow behavior (Liu and Melkote, 2006). 
 
     
                                 (a)                                                       (b) 
     
                               (c)                                                        (d) 
 
Fig.5. 9: Optical image of side surface of ground groove by (a) Circular (b) D-shape (c) 
Triangular (d) Square tool. 
5.4.3 Comparison of Tool Wears 
Fig.5.10 shows a comparison of different shaped PCD tool surface after grinding micro-
slots in the glass material. From the SEM picture of tools in Fig.5.10 after machining, it 
was found that all shaped tool except circular one had the tendency of wearing more. This 
was basically due to the sharp edge of the tool suffered more wear and became round. 
When circular tool experienced wear or re-sharpening, it became smaller in diameter but 
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still become round. Hence, a worn out circular tool did not affect the machining 
performance significantly. On the other hand, when the edges of square or triangular tool 
experienced wear, wear is usually non-uniform as all the four or three edges cannot wear 
out at the same rate. For the shaped tool it was found that edge rounding or pull out of 
grain was the main wear mechanism.  At the same time machining condition varied form 
sharp edge to round edge. In contrast to conventional sharp edge cutting model, chip 
shearing in micromachining occurs along the rounded tool edge. Therefore, this large 
edge radius affects the magnitude of ploughing and shearing forces. Higher plastic 
deformation resulted from larger cutting edge radius. As a result, surface roughness as 
well as cutting force kept changing with this wears of square and triangular tool(Kim and 
Kim, 1995).  
 
    
(a) (b) 
    
(b) (d) 
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Fig.5. 10: SEM image of Tool after machining (a) Circular (b) D-shape (c) 
Triangular (d) Square tool. 
 
 
5.5. Concluding Remarks 
 
In this study a comparative analysis on the micro-machining performance of four 
different geometry PCD tools: circular, D-shaped, triangular, and square on BK- glass 
was carried out. In addition, the effect of tool geometry on the cutting forces surface 
roughness and tool wear were investigated during the glass micro-machining. Following 
conclusions can be drawn from this experimental investigation: 
 
 With the aim of fabricating different shaped tool in a single setup, a specially 
designed block containing three ‘v-slots’ has been designed and fabricated using 
wire cut. With the concept of block micro-EDM and using this specifically 
designed block, microelectrodes of conical, triangular, square or rectangular, 
circular and D-shaped tool have been fabricated. Using this specifically designed 
block has been established to be a feasible method for the fabrication of 
microelectrodes of few tens micrometer. 
  D-shaped tool experienced lowest cutting force along X and Y-axis, whereas 
triangular tool has experienced lowest force along Z-axes. Both square and 
circular tool had generated quite high cutting forces along Z and X-axis during 
micro-grinding, though along all axes square tool had experienced highest cutting 
force. Comparatively lower cutting force along Y-axis has been observed for 
triangular tool than square one. 
 For the groove machined by micro-grinding using PCD tool, surface roughness 
showed considerable change from circular tool to others. Small small particles, 
which were present on the surface machined by circular tool, was almost absence 
in case of surface machined by other tools. Lowest average surface roughness has 
been achieved using square tool and little higher in case of d-shape tool. Due to 
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higher peak density on the machined surface by triangular tool resulted in higher 
average and maximum surface roughness. Moreover, side surface of machined 
groove using d-shape tool was much better than square or triangular tool, whereas 
circular tool demonstrated the best result. 
 Square and triangular tool experienced more wear compared to circular and D-
shaped tool due to the tendency of tool edge blunting  
 Finally, D-shape tool demonstrated better performances among all the tools in 
terms of cutting force, roughness value, side surface and wear rate due to its 
geometry, which enhances the chip removal process form the machined surface. 
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Chapter 6  
Analysis and Monitoring of Wear of PCD Micro-tool  
 
6.1. Introduction 
 
One major problem of glass micro grinding is the tool wear caused by the hardness of 
material. The tool wear process can be divided into three main wear mode, namely 
Attritions wear, grain fracture, and bond fracture. Attritions wear involves dulling of 
abrasive grains and the growth of wear flats by rubbing against the work pieces. Grain 
fracture refers to the removal of abrasive fragments by fracture within the grain and bond 
fracture occurs by dislodging the abrasive from the binder (Malkin and Guo, 2008).  
Recent researches on micro-grinding  have been mainly focused  on assessing its tool life 
and wear mechanism, since the performance of  the  micro grinding wheel is more 
sensitive to the tool wear  than those of conventional size. The tools wear of electroplated  
micro-grinding wheels in side grinding of porcelain and zirconia was investigated by 
Ohomori et al.(Yin et al., 2004).The wear mechanism of the metal bonded micro grinding 
wheel in end grinding of Zirconia was studied by Feng et al(Feng, 2007). Onikura et al. 
investigated its performance in end grinding of silicon suggesting that electroplated 
micro-grinding wheel wears too fast for the practical applications (Onikura, 2003). Luo et 
al. analyzed the wear of resin bond diamond wheel while grinding of tungsten carbide 
and  found that interrupted cutting causes higher grinding ratio while continuous cutting 
causes poor  grinding  performance (Luo et al., 1997). Bai et al. (Bai et al., 2004) and 
Philbin et al. (Philbin and Gordon, 2005) has studied the wear mechanism of PCD cutter 
for laminated floor and wood based composites. 
 
However in practice, ductile regime machining of glass material is often limited by rapid 
wear of diamond tools. Although a diamond tool can be used to cut nonferrous metals 
such as aluminum and copper for a distance up to a few hundreds of kilometers,(Hamada, 
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1985) when cutting glass an initially sharp tool will wear and become worn out rapidly. 
As the geometry of the contact zone between tool and the work pieces is extremely 
important for the attainment of perfect geometric shape, the wear of the diamond tool 
become a limiting factor in developing machining process for glass. Tool wear not only 
raises machining cost but also degrades product quality. The problem becomes 
particularly serious when machining large volume of components (C.K.Syn, April 1998). 
For this reason better understanding of the performance of the diamond tools in glass 
machining will result in significant production cost savings. Various researchers in the 
past have made their valuable contributions to the understanding of the process that take 
place when a diamond tool wears. However most of the work carried out has involved the 
wear of diamond tool in cutting metal materials. Up to date, there is very little literature 
available on the tool wear during glass micro-machining. 
 
Therefore, this chapter describes some experimental results on the wear of diamond tools 
in during micro grinding test of BK7 glass. As a complete understanding of the wear of 
diamond tools can only follow understanding of the individual mechanism, this chapter is 
focused exclusively on the wear propagation of diamond tool during time consumed and 
their effect on the geometry of machined surface. The results involve the scanning 
electron process (SEM), white light interferometer image of machined surface and 
diamond tools as well as the measurement of surface roughness and cutting force. In 
addition to this, tool condition has been monitored using cutting force and AE signal to 
correlate these with tool wear. 
 
6.2. Methodology 
 
PCD tool was fabricated to 670 µm size using 100V and 100pF capacitance. During 
experiment, total 65 micro-channels of 1mm length were ground onto the Bk7 glass 
material using feed rate of 25 µm /mint, depth of cut 2 µm, spindle speed of 2000 rpm. 
Grinding forces and acoustic emission signal were recorded and optical images of tool 
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were taken in between the experiments. The goal of monitoring is to determine the 
patterns of process signals in monitoring the tool wear. The assessment of actual grinding 
tool wear was conducted by inspecting its topography and the channel geometry with 
FESEM and white light interferometer (Wyko NT2000). The white light interferometer 
has resolution of 0.1nm in vertical and 0.825µm in horizontal direction.  
 
6.3. Results and Discussions 
 
6.3.1. Tool wear pattern 
In order to investigate the on machine fabricated PCD tool wear pattern during micro 
grinding of BK7 glass, several measurements are conducted to examine the tool geometry 
in the presence of tool wear. Firstly, average reduction in the tool diameter and length are 
measured which represent the change in the micro tool geometry caused by the tool wear. 
If the diameter of tool is difficult to measure, especially for online measurement, the 
width of the ground channel can be taken as a measure of the tool wear after the 
experiment. Here in this study, optical microscope (Motic Image) is used to measure the 
tool diameter and length in between the experiment. The diameter difference between 
subsequent channel grinding is assigned as radial tool wear. The major geometric change 
of tool is occurred due to the corner tool wear. Due to tool wear, both length and diameter 
reduction are found to take place. Fig 6.1 (a) and (b) have shown the actual diameter and 
length of tool decrement along with increasing number of channels. Basically during 
vertical micro-grinding, tool experiences corner wear which causes the rounding of tool 
at bottom portion also (Malkin and Guo, 2008). As a result, diameter of the tool starts to 
decrease. Interesting thing is observed that, when length reduction goes faster than 
diameter reduction, corner wear tends to reduce or almost diminishes sometimes. At the 
same time abrasive nature of glass material also contributes to the tool length wear as 
well as diameter reduction. As seen from Fig. 6.1(a), length wear of the tool has steeper 
slope initially then it becomes flattened a bit. This behavior indicates that initially tool 
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has suffered more wear and then it becomes lesser as the number of channels increase. It 
is also observed that the slope of radial tool wear curve is less steep than the slope of 
length wear curve. The reason might be the diminishing tendencies of radial wear along 
with the length wear increment. An illustration of typical radial PCD tool wear behavior 
is shown in Fig.6.1(c( as a plot of volumetric wear versus the accumulated metarial 
removal Vw. The wear behavior seen here is not so similar with other wear processes as
seen in macro-grinding. Initially insginifacnt tool wear is followed by intermediate tool 
wear where wear rate increases steadyly. A third regime of accelerating wear as seen in 
Fig.6.1(c(, usually indicates catestrophic wear situation and it requires the micro-tool 
redressing. Commonly used performance index to charecterize tool wear resistance is the 
grinding ratio, also reffered as G ratio or G, which is basically the volume of material 
removal per unit volume of wheel wear. This is usually expressed as follows. 
G =Vw/Vs  
Here the volume of radial wheel is measured using the formula Vs = ∏ds∆rb  where ∆r is 
the measured decrease in tool radius, ds is the mean of the tool diameter before and after 
wear has occured and b is the grinding width . In some cases, only for the steady state  
wear region , this value can be written as G = ∆Vw /∆Vs. From Fig.6.1(c( this perticular 
value in this study is calculated to be nearly 904 in case of glass micro-grinding which is 
pretty good value according to those found in literature. 
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(c) 
Fig.6. 1: (a) Tool length decrease (b) tool diameter decrease as the total number of slot no increase(c( 
Radial volumetric wear versus accumulated metarial removal. 
 
Bottom of the tool before and after machining can be seen from Fig.6.2 (a) and (b) where 
grinding marks is found to be visible on the tool bottom after machining. Abrasion type 
of wear has been noticed to be dominating on the bottom of surface mainly. This wear is 
also the reason of radial wear and length reduction. Before machining the bottom of the 
tool does not contain any circular mark which is basically due to abrasive wear and 
circular motion of tool itself. Abrasive nature of glass also contributes to this wear. 
Hence, abrasive wear is the dominant PCD wear mode during micro-grinding of glass.  
While looking at higher magnification in Fig. 6.3, details of PCD tool morphology can be 
seen clearly. Arc pattern like wear land is found in Fig. 6.3(b) .This is being the typical 
abrasion wear. The cause of these appearances may be that the binder of the tool is 
abraded by silicon particles of the hard glass material, which leads PCD grains to be 
detached from the bond (Luo et al., 1999). Some hole is also found on the bottom of tool 
after grinding 30th and 65th channels due to the pull out of grain along with the bonding 
element. This void type of hole actually indicates the location where diamond grains were 
dislodged from the cutting edge. It is possible that diamond gain becomes weekend after 
abrasion of the cobalt binder around them, and then becomes dislodge from the tool edge 
when subjected to the intermittent cutting force while micro-grinding of glass. From Fig. 
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6.4(a) (b) and (c), it is found that with the increase of machining time tool side surface 
starts to become irregular in shape. Adhered chip is found on the surface linking bottom 
and side wall. As length reduction was taking place continuously during machining, and 
very small like 2 to 4 micron of tool length get involved while machining, this surface 
gives less information than bottom one regarding wear process. 
 
 
    
 
Fig.6. 2: Bottom surface of tool (a) before machining (b) after machining. 
   
     
(a)                                                       (b) 
 
Grinding marks 
Hole shape  
wear 
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(c) 
 
Fig.6. 3: Magnified view of bottom after machining (a) 0 slots (b) 30 slots(c) 60slots. 
 
 
 
 
   
(a) (b) 
 
 
(c) 
 
      
Fig.6. 4: Magnified view of tool side surface after 0 slots (b) after 30 slots(c) 60 slots. 
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(a) (b) 
 
 
   
(c)                                                              (d) 
 
. 
Fig.6. 5: Wear condition at the junction point of bottom and side surface after cutting 65 mm distance. 
 
It is usually not the overall wear across the bottom of the wheel, but localized wear at 
corners and sharp protrusions on the profile which is likely to necessitate wheel 
redressing. Corner wear is especially problematic with vertical surface micro-grinding 
which also causes the radial wheel wear. Some edge chipping type of wear is found in 
Fig. 6.5(a) and (b).The length of this kind of wear is found to be nearly 30-50 µm. 
Repeated impact with the cutting edge are thought to generate a sufficient load at the 
cutting edge that  could produce chipping wear (Philbin and Gordon, 2005). As the 
grinding wheel keeps rotating, accumulated chips at the wheel-work piece interface 
increases friction and heat. In such situation, the normal force is supported by the minutes 
asperities in contact with the chips trapped between diamond grains causing plastic 
deformation at the junction due to high normal stresses and heat. As the plastic 
Micro-chipping 
wear land 
Micro-crack 
Void 
Adhered 
Chips 
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deformation develops gradually, the speed of the wheel reduces possibly due to the sticky 
conditions beneath the tool. This contact finally creates an adhesive bond between the 
work pieces surface, the chips and diamond grits. Therefore, the possibility of micro weld 
formed between chips and surface asperities similar to adhesive wear cannot be ruled out 
completed. However due to higher tangential cutting force, the wheel rotation overcomes 
the micro weld bond strength by breaking the minute asperities joints. The breaking 
action causes chips and few diamond grits to pull out from the wheel. As a result, this 
type of microchiping  wear land can be seen on the tool(Zhou et al., 2006). The adhered 
chip near the micro-chipped zone proved this. These layers usually cover some of the 
abrasive cutting edges. Hence, these layers can be able to reduce the deterioration of 
cutting edge during cutting by acting as protective cover which usually reduce the tool 
wear and improve tool life. However, when this type of  layer is removed by severe 
abrasive action, the tool wear has chance to accelerate rapidly (Luo et al., 1999). It is also 
noticed that the number of micro-chipping wear land increases along with the machining 
time. It is addressed that two nearby chipping layer superimpose and become a long 
chipping layer. And a time comes  when these micro-chipping layers get connected to 
each other along the periphery of the tool and becomes longer chipping layer. Fig. 6.5(c) 
also shows the double lining along the edge of tool due to wear. Again, Fig. 6.5(d) shows 
the remarkable micro cracks in the wear region of PCD tool using higher magnification 
and these cracks can be observed in the wear region of most PCD cutter as well. These 
cracks can propagate along a grain boundary or through a group of grains, under the 
variable impact loadings and form the wear regions. So it is envisaged that the wear 
process of PCD is basically this type of  initiation and propagation of these cracks 
causing rupture and disintegration of the tool material (Bai et al., 2004). In addition, these 
cracks are thought to be the obvious reason for diamond spalling. It is also assumed that 
both the extrinsic loadings and the intrinsic structure and defects of PCD contribute to the 
initiation of these micro cracks (Miklaszewski et al.). From Fig. 6.5(c)  grain pull out 
voids is also noticed. Grain pull out type of wear is basically the consequence of using 
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very fine grain as cutting edge which is also true (0.5 micron  in our case. Wear 
resistance becomes lower with PCD tool with fine grains and fine diamond grain is very
easy to abrade. Micro-crack propagation also tends to contribute to the fraction, whole 
and group of grains pullout. 
 
As relatively lower cutting speed and fine feed are used in this study, the heat generated 
due to the cutting speed in the cutting zone should not high enough to facilitate the 
diffusion or oxidation of the tool material, but some oxidation of the PCD tool already 
has taken place during tool fabrication which is also evident from the EDX (Fig.6.6 (a) 
and (b)) analysis of tool. Although, the bottom of tool is in contact with the machined 
surface consistently, the heat produced cannot be conducted to the surrounding which 
may soften the glass but rarely high enough to oxidized tool. The layer deposited on the 
tool surface can be also detected using EDX analysis which is mainly Si element from 
glass material. 
 
         
                                                                  (a) 
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                                                                      (b) 
Fig.6. 6: (a) Before machining EDX of tool surface (b) after machining EDX of tool surface. 
 
It is also observed (Fig.6.5 (a)) that severe wear occurred on the edge of the tool rather 
than on the bottom surface of tool. As diamonds cutting edge on the tool play principle 
role in material removing, they are likely to experience higher mechanical impact load. 
When these cutting edges on the tool start to wear, the performance of micro-grinding 
tool deteriorates. It is also found from the above discussion that worn tool has severe 
asymmetry. From the SEM view of the tool it can be said that tool wear is not even 
uniform along whole edge surface. This type of complicated tool wear may cause 
variation in the tool geometry and will in turn result in an increase or uneven surface 
roughness. Hence, in next section details study on ground surface due to tool wear will be 
given. 
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6.3.2. Effect of tool wear on micro-ground surfaces 
 
Next the variation of cutting behavior with tool wear at a cutting condition of axial depth 
of cut 2 micron, feed rate of 25 micron/mint and rotational speed of 2000 rpm has been 
investigated. The assessment of actual micro grinding tool wear can be conducted by 
inspecting its topography and channel geometry by white light interferometer and Taylor 
Hobson Profilometer (cut off length (Lc) of 0.08 mm, (Ls) 0.0025mm, bandwidth 30:1 
and evaluation length of 1mm). The sampled 3D surface profiles for the channel no 5th, 
23rd, 45th and 63rd are shown in Fig. 6.7(a), (b), (c), and (d). From this Fig.s it is 
obvious that the surface quality changes greatly with tool wear progression. The Ra 
values for the floor surfaces are found to be 39.7nm, 65.3nm, 132.6nm, and 385.6nm 
respectively.  
   
                               (a)                                                             (b) 
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                               (c)                                                             (d) 
 
Fig.6. 7: 3Dprofile of (a) 5
th
 (b) 23
rd
(c) 45th and (d) 63rd micro-ground channel using interferometer. 
 
Before the experimental analysis, the criterion for surface roughness evaluation needs to 
be determined due to the complicated surface characteristics when the tool wears. As for 
the conventional milling, the surface roughness along the center line of the channel 
surface is used to evaluate the surface quality since the feed rate is greatest when the tool 
passes the center line and lowest feed rate at the side of slot. As a result of this, largest 
roughness along this line is expected. In case of vertical grinding this phenomenon is still 
applicable too. Although this criterion is exclusively convincible as long as the tool is in 
good condition, the situations get totally unpredictable when the tool wear occurs. It is 
observed that the tool path is no longer clean any more when the tool wears.  As long as 
the tool is in good state, remarkable grinding mark on the bottom surface of micro-
ground slot, geometrically straight side wall and invisibility of center line are usually 
found as shown in Fig.6.7 (a) and (b). Reduction of channel depth is also found in Fig 6.7 
(b) which indicates the tool length reduction. During the progressive wear process of tool, 
little edge chipping of tool and few welded chips were found in SEM picture previously 
(Fig.6.5). This entrapped chip might causes the introduction of center line on the bottom 
surface and edge chipping resulted the irregular geometric shape of side wall as found in 
Fig. 6.7(c) and (d). During the drastic tool wear, it experiences longer chipped surface at 
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the edge, double edge as well as welded chips. Huge pitting on the bottom surface, 
drastically chipped side wall, noticeably longer center line, and double side wall lining 
are found to be the major phenomena of tool wear during the machining of 45th and 63rd 
channel.  
Fig. 6.8 (a) shows the variation of roughness with the increased number of ground 
channels. It can be seen that overall average roughness changed greatly from starting 
stage being nearly 50nm to the maximum of 350nm with the progression of tool. From 
the analysis of average surface roughness the variations of surface roughness along the 
time can be divided into three stages. In the first stage, Ra value generally does not 
change much, which means that the tool does not experience significant wear during this 
period. 
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Fig.6. 8:   Average surface roughness of ground surface. 
 
It is observed that up to like 20 channels average roughness is less than 50nm.Then in the 
second stage; it suddenly increases to around 150nm. Then, again roughness gets 
decreased to 90 nm. After that roughness value shows irregular zigzag trends of 
increasing and decreasing. The reason behind this increasing trend can be explained with 
the irregular pattern of wear of micro-grinding wheel and wheel loading with the chip. 
The decreasing trend can be explained with the re-sharpening effect of tool due to the 
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abrasive nature of Bk7 glass. This trend of roughness illuminates how the tool wears 
starts and progress rapidly. After that in next step roughness value increases dramatically 
to higher peak value nearly 300nm from the 60th to 65th channel in the final stage which 
means tool wears very fast at that stage. Overall, it can be said that as the cutting time 
increases, surface roughness of the ground channel increased indicating the tool wear 
which is also clear from the progressive SEM image of tool surface. This also confirms 
the speculation of using surface roughness as the criterion to study tool wear in micro-
grinding. 
6.3.3. Analysis of Chips 
Fig.6.9 shows the optical image of glass chips formed under the same cutting condition. 
Chips are collected in between the experimentations to understand the cutting behavior of 
PCD tool. Chips collected different time basically contains the combination of different 
type of chips. These chips are discontinues and can be classified into fragment type, saw 
tooth and filament type chips indicating the unsteadiness of the cutting process(Liu et al., 
2005). It is observed that continuous chip may not be the only criteria to establish ductile 
machining as we obtained a very smooth machined surface with relatively shorter   and 
discontinues chips even. Serrated chips (Figs.6.9 (b)) found during machining is basically
semi continues chip with zone of low and high share strain. Usually, material with low 
thermal conductivity and strength that decreases sharply with temperature, such as 
titanium  glass exhibit this sort of behavior. This chip has saw tooth like appearance. 
Discontinuous chips are also found during machining which (Figs. 6.9(a) and (c)) consist 
of segments that may be firmly or loosely attached to each other. These types of chips 
usually formed under the condition like, brittle work pieces material as they do not have 
capacity to undergo the high shear strain developed in cutting or in case of very low or 
high cutting speed or lack of an effective cutting fluid.Hence, chips morphology is 
basically controlled by the machined material rathar then process condition like tool state 
keeping the other cutting condition same. 
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               (a)                                           (b)                                            (c) 
 
Fig.6. 9: Optical image of chips after cutting 65 mm of distance. 
 
Because of the discontinuous nature of chip formation, forces continually vary during 
cutting. Consequently, the stiffness of the cutting tool holder and machine tool is 
important in cutting with discontinuous-chips as well as serrated chip formation. If not 
stiff enough machine tool may begin to vibrate and chatter. This in turn, adversely affects 
the surface finish and dimensional accuracy of the machined component and may damage 
or excessive wear of the cutting tool. Hence, morphology of chips formated during 
machining has effect on tool wear and surface roughness but analysis of chips morphology 
cannot actually tell us the actual tool wear condition. 
6.3.4. Online monitoring of tool wear by using Normal force and AE 
signal  
 
It has been also widely established that variation of cutting force can be also correlated to 
tool wear. This can largely be attributed that force becomes important in worn tools 
conditions as a result of the variation produced due to the friction between cutting tool 
and work pieces. Fig.6.10 shows the normal force variation along with grinding time. 
From Figure, it is found that initially force seems to be steady for certain period then it 
starts dropping to lower values. This tendency of dropping can be explained with 
reduction of tool length mentioned earlier which reduces the depth of cut as well. Next, 
step by step increment of force is also found in the Fig.6.10. This phenomenon can be 
explained as follow. Basically, localized high pressure on the glass surface is important to 
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create severe wear. The sharper the diamond abrasive, the higher the localized pressure 
and the faster the material removal rate as well as the smaller the grinding force. 
However, as the grit size decreases, the space for storing the chips becomes smaller and 
loading is easily encountered. Wheel loading occurs when chips fill the pores between 
active grits in surface of the wheel. 
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Fig.6. 10: Average normal force behavior during the micro-grinding process 
 
When the removal rate exceeds the rate of chips storage available, chips will tend to 
become lodged in the chip storage space. During grinding process, when the wear of 
diamond wheel reaches a certain degree, the sharpness of diamond grits will become 
small. Grinding chips adhering to the tool surface reduce the level of grit protrusion and 
space for new chips resulting in dull rubbing action between tool work piece surfaces. 
This therefore makes it difficult to sustain a high grinding force for completing this 
grinding process. As a result, material removal rate will be decreased but friction force 
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will be increased due to rubbing. This force increment hence indicates the tool blunting 
which causes poor surface finish and sub-surface damage. After this increasing trend of 
force, there is one more decreasing trends as well. This decreasing trend is probably due 
to the re-sharpening effect of PCD tool by abrasive glass material which might also 
reduce the frictional force between tool and work piece. This increasing and decreasing 
trend keep going on during micro-grinding of BK7 glass due to PCD tool wear process. 
But this current trend cannot exactly tell us the severity or wear status of tool or exact 
timing of tool wear.  Hence the observation of AE signal has been incorporated along 
with cutting force to get more accurate indication of tool wear.  
   
During the metal cutting the work pieces undergoes considerable plastic deformation as 
the tool pushes through it. Within the deformation zone strain energy is released as the 
bonds between the metal atoms are disturbed. This released energy is commonly referred 
to as acoustic emission. Other sources of AE include phase transformations, friction 
mechanisms and crack formation or extension fracture. Apparently, the wheel work piece 
contact area largely influences the AE amplitude during grinding. With an increase in the 
amount of material removal or processing time, an grinding wheel becomes unable to 
perform proper cutting due to poor  wheel topography. The average and root mean square 
values of dynamics signals are widely used in tool condition monitoring. As statistical 
parameters, they can reflect characteristics trends in the time domain signals, and they are 
much less computationally expensive than wavelet analysis and fast Fourier analysis. To 
determine the proper process signals for micro grinding tool wear monitoring, the RMS 
value of AE signals are analyzed as shown in Fig. 6.11 with time. It seems that initially 
AE signal gets decreased with time. This is due to the reduction of tool length and width 
as it was mentioned earlier. Then, again AE signal has increased a bit and remain same 
for some distance. This phenomenon can be explained as follows. As the grinding time 
increases, the number of cutting edges on PCD tool loses their sharpness and starts 
rubbing on the glass surface which is another potential source of AE signals. This will 
also increase the surface roughness as well which can be verified from Fig  6.8. Again, if 
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significant bond wear can be induced during machining, damaged abrasive particles and 
other debris on the surface will be undermined and removed and fresh abrasive area is 
exposed. In other words the tool may be made to self-dress or self sharpening (Karow, 
1993(. Being abrasive material glass probably re-sharpenes the PCD tool, as a 
consequence of that the rubbing effect might be diminished after some time which can 
explain the further decreasing trend of AE signal. As grinding is multipoint cutting, this 
type of increasing and decreasing trends of AE signal keep going on instead of sudden 
devastating single pick of signal which is usually found in case of single point tool or 
defined geometric milling tool.  
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Fig.6. 11: Rms AE signal behavior during the micro-grinding process. 
 
A time comes when sudden pick is also evident in Fig. 6.11. This sudden huge energy 
release can only be explained with the sudden fracture of tool which is totally different 
from previous signal. Fracture is also identified as one possible source, as the propagation 
 Analysis and Monitoring of Wear of PCD Micro-tool  
 
 116 
of micro cracks always releases elastic energy due to the generation of new surfaces. This 
type of micro-chipping fractured( area is found in FESEM picture (Fig.6.5 (a(( of tool 
has explained this fact. The first small pick probably indicates the initiation of small 
chipping area on the PCD tool which is also evident in FESEM image and further two 
giant picks envisage the presence of several chipped area superimposing each other  
 
As a result of that, large chipped area is also evident in the FESEM image of PCD tool. 
From above discussion, it has been found that AE signal is capable of indicating the tool 
condition during micro-grinding of glass along with the severe chipping wear. So this 
RMS AE signal can be used as plausible tool condition monitoring method. 
 
6.4. Concluding Remarks 
 
Micro-grinding of BK7 glass has been performed using on machine fabricated PCD 
micro-tool in order to investigate the tool wear mechanism and tool condition monitoring 
under the same cutting conditions. From the results presented, the following conclusions 
can be drawn. 
 It was found that the consequense of tool wear is the diameter reduction as well as 
length reduction and the G ratio for this PCD micro tool is found to be nearly 940. 
Basically, two type of tool wear has been detected. One is edge chipping at the 
tool rim which is actually responsible for radial reduction of tool as well. Chip 
accumulation at tool and work pieces interface causes built up edge formation and 
gradually this built up edge grow larger in size, become unstable then eventually 
breaks up. This process of built up edge is repeated continuously during the 
cutting process and the number of edge chipping is getting increase with the 
machining time. Nearby chipping edge get superimposed and create bigger area of 
chipping. Another is abrasive wear which occurs due to the faster weaker grain 
boundary break down and then creating some inter-granular crack. These cracks 
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propagate through the groups of grain or grain boundary causes the diamond grain 
spalling and form wear region. 
 The effect of tool wear on the surface roughness is found to be significant through 
the micro-grinding experiments of BK7 glass using PCD micro-tool. In some 
conditions, the Ra value increases several times with the tool wear progress, 
which makes it necessary to consider tool wear along with other cutting 
conditions to contribute to surface roughness as well as cutting forces. Depending 
on the surface roughness value of ground channel, tool wear progress can be 
divided into 3 stages where, in initial stage tool suffers insignificant wear, then 
intermediate wear condition and finally severe worn out tool. Huge pitting on the 
bottom surface, drastically chipped side wall, noticeably longer center line, and 
double side wall lining are the major phenomena on the machined surface due to 
the severe tool wear. 
 Generated chips has effect on tool wear and surface roughness but analysis of 
chips morphology during different time of machining cannot really tell us the 
actual tool wear condition. 
 Observation of normal grinding force can give indication of the tool conditioning 
during grinding process only but it cannot tell us the severity of tool wear. 
Continuous monitoring of AE signal is found to give an indication of tool 
topographic condition, i.e. sharpness and bluntness of PCD cutting edge during 
micro-grinding. Moreover, this signal can also envisage minor and major tool 
chipping condition. Hence, monitoring the AE signal can be a plausible way of 
monitoring on machine fabricated PCD tool condition. 
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Chapter 7 
Subsurface Damage Analysis of Glass 
 
7.1. Introduction 
 Advanced engineering ceramics and glass have been extensively used in industrial 
applications in the past few decades due to their unique physical and mechanical 
properties. The advantages of ceramics and glass over other materials include high 
hardness and strength at elevated temperature, chemical stability, attractive high 
temperature wear resistance and low density. Because of these properties, they found 
their application in precision bearing for the use in nuclear industry, automotive 
component, biocompatible implant, refectories, lenses scientific testing devices and 
substrates etc. However, machining difficulties and high costs have been associated with 
the usage. This is mainly due to the poor machinablity of ceramics. As a result, great 
efforts have been given towards the development of machining, in particular grinding 
technology for advanced ceramics in an efficient mode (Inasaki, 1987; Li and Warren 
Liao, 1996; Malkin and Hwang, 1996; Marinescu et al., 2000; S. Jahanmir, 1999). 
Although, advances have been made in the near net shape technology, grinding with 
diamond wheel is still considered to be the most efficient and effective technique to finish 
these ceramics and glass work pieces. As quality of advanced glass and ceramics has 
dramatically improved with the modern manufacturing techniques, the bulk defects are 
significantly reduced in terms of their size and numbers. Hence, the primary source to 
introduce damage into glass and ceramics materials is grinding or other machining 
process. Due to low fracture toughness compared to metal and alloys, glass and ceramics 
are very sensitive to cracking and other damage. Hence, ground work pieces are always 
left with such damage as cracks pulverization layers, and a limited amount of plastic 
deformation which resulted from hard and brittle nature of work pieces (Conway and 
Kirchner, 1986; Kirchner, 1984; Koepke et al., 1969; Xu and Jahanmir, 1995; Zhang, 
1993; Zhang and Howes, 1994). Grinding also induces surface residual stresses that may 
affect the strength and fatigue life. The residual surface and subsurface damage may 
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seriously alter the surface properties and cause strength degradation or even a 
catastrophic failure of the glass and ceramics components. The major form of machining 
damage usually occurs as surface and subsurface damage. The first type of damage is due 
to the radial cracks formed on the ground surface which is visible and the later damage is 
due the median and lateral cracks that are formed below the affected grinding zone which 
are not visible (Conway and Kirchner, 1986; Maksoud et al., 1999). The nature of 
grinding damage depends on the mechanism of material removal. The material removal 
mechanisms are usually classified into two categories: brittle fracture and plastic 
deformation (Conway and Kirchner, 1986). Brittle fracture similar to indentation of a 
brittle material by a hard indenter, involves two principle crack systems; lateral crack, 
which result material removal, and the median crack responsible for strength degradation. 
In the brittle fracture, material removal is accomplished through void and crack 
nucleation and propagation, chipping or crushing (Kirchner, 1984). Plastic deformation is 
similar to the chip formation in the grinding of metal, which involves scratching, plowing 
and chip formation. The material is removed in the form of severely sheared chips as 
obtained in machining of metals (T.G. Bifano, 1991). 
Literature shows that damage induced by conventional grinding has been assessed and 
characterizes using large grinding wheel in case of ceramics material (silicon nitride, 
alumina, silicon carbide) mainly, for glass material using micro-grinding tool, the room is 
still left for further research. Hence, in the following study, subsurface damage is 
investigated on Bk7 glass with the help of bonded interface technique. This paper 
presents observation and measurement results of subsurface damage of the BK7 glass 
ground with micro-PCD tool which was prepared using micro block-electro discharge 
machining. 
7.1.1. Subsurface Damage 
 Manufacturing process like grinding, lapping and polishing introduce different kinds of 
damages or defects, including fractures, scratches, sleeks, micro cracks and residual 
stresses. The cracked layer near the machined surface is known as subsurface damage 
(SSD) and may be explained by the hill model of plasticity (al., 1998). This damaged 
layer must be minimized and eliminated, in order to avoid failures in the final device 
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production like damaged coatings or unusable devices. Generally subsurface damages 
reduce the quality and life time of the work pieces because of the surfaces age faster and 
become dull. The single crystal characteristics are not given any longer and coatings may 
split. Therefore it must be guaranteed that these depth damages are removed for the final 
usage of the optical surface in order to avoid failures in the final device. Fig.7.1 indicates 
the layers after cold processing of advanced materials. The defect layer may be easily 
superficially smeared by simply polishing and a small polishing layer is generated on the 
leading surface. After that polished layer, the damages are not visible any more. 
Subsurface damages are contained in the defect layer, which is located under the surface 
and distinguishes from other regions in both composition and micro structure. The 
deformed layer, defect layer and polished layer overlapped successively in the defect free 
bulk material. Fig.71 (b) shows the classification of surface and subsurface damage on 
ground sample. It’s typical subsurface damage can be generally described as a 
geometrical damage in terms of radial crack, both parallel and perpendicular to grinding 
direction. Median crack initiates at the bottom of pits pores and flaws and penetrate into 
subsurface region normal to surface plane. Cone crack initiate from side of pits pores and 
flaws and penetrate into subsurface region with an acute angle. Lateral crack are rarely 
seen in the subsurface region. In addition, there are also cavities beneath the ground 
surface with a similar depth to other kind of crack (Maksoud et al., 1999) . 
The subsurface damage layer in optical glasses for example is unsymmetrical; every ion 
is not fully coordinated from the subsurface layer to the surface layer. Due to the high 
requirements in the optical field, the defect layers must be eliminated therefore the 
treatment and measurement of subsurface damages is a major topic. 
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Fig.7. 1: (a) Schematic of subsurface damage (b) Classification of surface and subsurface damage forms of 
diamond ground glasses. 
 
7.1.2. Subsurface Damage Evaluation Techniques 
 A wide variety of destructive and nondestructive methods for measuring the amount and 
depth of the SSD depth have been found in literature. Some of the direct SSD 
measurement techniques include the ball dimple method, taper polishing method and 
more recently a MRF spot method, where the ground or finished surface is partially 
removed to evaluate the depth of SSD. The most conventional ones consist in polishing a 
taper (taper method) (P. Hed, 1987; P. Hed, 1989) or a sphere (ball dimpling 
method)(Zhou et al., 1994)  in the part to be measured with a depth deeper than the SSD 
depth. The latter form is then observed under a microscope after an optional diluted acid 
etching to open cracks and ease there observation. Carr also proposed to simply dilute the 
surface in a concentrated HF bath to reveal embedded cracks(Carr et al., 1999). 
Alternatively, the ball dimple can be replaced with an imprint done with a 
magnetorheological fluid (MRF) polishing machine. Since MRF apply very small normal 
stress to the surface during material removal compared to loose abrasive polishing 
processes, it can remove layers of material without inducing further damages(J. C. 
Lambropoulos, 1999; Joseph et al., 2002). This method was first proposed by 
Lambropoulos (J. C. Lambropoulos, 1999) and subsequently detailed by Randi (Randi et 
al., 2005) and is further referred to as MRF dimpling. Suratwala et al used also a MRF 
polishing machine to polish a taper on the sample to be measured (Miller et al., 2005; 
Suratwala et al., 2006). All these authors use a “last trace” criterion to evaluate the depth 
Cavities 
L 
C 
R 
M 
M 
Subsurface Damage Analysis of Glass 
 
 122 
of SSD. It means that this depth is obtained at the point after which no crack is observed 
in the dimple (or equivalent form depending in the technique) made on the part. There are 
several other techniques called flexural strength testing, fractography, and non-
destructive testing, which are also considered to be useful for assessing subsurface 
damage. In addition to these, thermal wave measurement and ultrasonic techniques has 
also been used by some researcher to detect the subsurface lateral crack associated with 
indentation in glass and silicon nitride (Ahn et al., 1996). But the application of these 
nondestructive inspection techniques should be applied for small crack investigation. The 
damage differentiation resolution of the current non-destructive techniques is still too low 
to meet practical requirements. Incorporated with the flexural strength testing and 
fracture mechanics, the X ray diffraction techniques also allowed to determine the 
amount of machining damage in ceramics and glass. This technique is based on the 
information of the machining induced plastic deformation and residual stress. 
Unfortunately, the X ray diffraction technique neither differentiate subsurface damage 
form bulk structures , nor differentiate the effect of damage on the residual strength  and 
surface tribolgical properties of a ground surface(W. Pfeiffer, 1993). Recently bonded 
interface sectioning technique was proposed to study subsurface damage modes and to 
identify mechanism of material removal. This technique has been effectively applied to 
grinding of a coarse grain alumina to identify the subsurface damage(H.K.Xu, 1995). 
This technique has been proved to be very effective and easily applied.  Hence in our 
study, the bonded interface technique is used to examine the subsurface damage and 
details of this process are narrated in following section. 
 
7.2. Experimental Details 
The work material used for this investigation was Bk7 glass. The specimen has 
dimension of 25×25×10mm. micro-grinding was carried on 1 mm length . The spindle 
speed 2000 and 2500 rpm were used. The feed rate was taken as 25µm/min while 
performing the effect of depth of cut. The depth of cut was used 2 µm while observing 
the effect of feed rate. Experimental set up for this experimentation is given in Fig.2.1. 
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The ground surface was examined using a FESEM. Prior to examination, the ground 
surface were cleaned with acetone in an ultrasonic bath for at least 10 min and then gold 
coated for examination. The roughness of the ground surface was measured using a 
Taylor Hobson Profilometer(Talysurf-6 with cutoff value 0.8 mm).The roughness was the 
average value obtained by the scanning rectangular surfaces of the work pieces.  
7.2.1. Work piece Preparation 
A bonded interface sectioning technique was used to examine the grinding induced sub-
surface damage. In this method, the two specimen of were ground with same dimension 
and one surface of each specimen was polished. The polished surface was subsequently 
bonded face with suitable adhesive.  Clamping pressure was applied then to push the two 
specimens tightly together; leaving a thin layer of adhesive approximately 1 µm 
thick.Fig.7.2 shows the schematic illustration of the procedure used in preparation of 
SEM samples to study sub-surface damage. As shown in this, the two specimens bonded 
together at the xyx´y´ interface of the two polished surfaces. It is essential to clamp the 
two specimens tightly together during bonding, to make a bonded interface narrow. A 
wide interface between the two specimens could cause an artificial damage close to 
interface during grinding. When the interface is narrow, no extraneous damage will be 
observed along the interface xyx´y´ compared to the ground are away from the interface. 
Micro-grinding was performed on the plane ABCD passing symmetrically across the line 
xy. The specimens were separated after grinding by melting the glue and were cleaned 
with acetone in an ultrasonic bath. Then the specimens are etched with 10% weight HF 
solution in distilled water for 10 seconds. The polished surfaces were gold coated for 
FESEM examination. 
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Fig.7. 2: Schematic illustration of procedure in the preparation of SEM samples to study subsurface damage. 
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7.2.2. Tool Preparation 
PCD tools are increasingly used in the machining of brittle and hard material due to their 
superior tool life. PCD is synthesized, extremely tough inter grown mass of randomly 
oriented diamond crystals bonded to a tungsten carbide substrate. It is manufactured by 
sintering together with micron sized diamond grains at high pressure and temperature in 
the presence of a solvent/catalyst metal, usually cobalt or cobalt/nickel alloys 
(Buchmann, 1992). During the sintering process, the voids between PCD grains are filled 
with cobalt binder. Unlike cemented tungsten carbide however, individual grains actually 
bond to one another. The result is a tough, hard product that will retain its shape and 
strength if some of the metal matrix is removed even (D.J.Anthony, 1990). Commercially 
available polycrystalline diamond tool containing 0.5 micron grain size was used for 
micro grinding after shaping by micro-EDM. Diamond grains are exposed after block-
EDM, which act as hard and tough cutting edge during micro grinding. The sacrificial 
electrode material used for PCD micro-rod shaping was pure tungsten (99.9% W) block 
of length 4.5 cm, width 1.3 cm and height 0.5 cm. In this study, the surface of PCD tool 
for micro grinding is prepared by means of dressing using block-EDM at a capacitance of 
1000 pF and voltage of 100V. The cobalt binder is removed during micro-EDM as it is 
conductive, whether the PCD grain is exposed to surface that can work as cutting edge 
during micro-grinding. The bottom of PCD rod is also dressed by using 100pF and 100V. 
Flatness of bottom surface is very important to consider for maintaining the accurate 
depth of cut. 
 
7.3. Results and Discussion 
 
7.3.1. Ground Surface Characteristics 
 
Typical FESEM micro-graphs of the ground BK7 glass are shown in Fig.7.34 and 7.4. 
Ground surface consists of four different areas (a) the smooth area; (b) the fracture area; 
(c) the smeared area; (d) the Ploughing striations. Debris is also found to be existed in 
some case. The smeared products and fine debris that cover the ground surface are 
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generated when the material removed from surface is trapped between the grinding tool 
and work pieces and is crushed against the surface. Ploughing or grinding marks can also 
be observed on the surfaces ground using small feed rate. Pores can be occasionally seen 
on the ground surface. The pores usually results from the pulling off the grain particles. 
This pull out is clearly associate with the surface cracking. The white areas found on the 
Fig.7.3(c) are cleavage facets parallel to the ground surface. When, small depth of cut is 
used, side wall looks so smooth and straight; on the other hand, higher depth of cut makes 
the side wall surface irregular and rough. At low rate of material removal, the cutting 
points on the tool remove and expel the material from the machined surface in an 
efficient manner. At high rates of material removal however debris is not expelled 
efficiently and the debris generated from the cut must pass between the tool and 
machined surface. The temperature generated during high material removal also account 
for the surface degradation. These are considered to be initiated by the tensile stress set 
up when the surface is quenched following the path of tool. Moreover, at larger depth of 
cut, lateral cracks developed radically from the groove and resulted in large scale of 
chipping and crushing. 
 
Again, increasing feed rate causes some irregular marks on the ground surface due to this 
inefficient debris removal. At low rate of material removal, the cutting points on the tool 
surface remove and expel material from the machined surface in efficient manner and the 
mechanism of material is the combination of  plastic flow, ductile and brittle cutting. At 
high rates of material removal however debris is not expelled efficiently and the void of 
tool surface load up. Fresh cutting surface on the tool are thus prevented from impacting 
the work piece and the material must be removed by plastic flow. 
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(a)                              (b)                                      (c) 
      
(d)                                              (e) 
Fig.7. 3: Ground surface characteristics of BK7 glass for varying depth of cut. 
 
            
                     (a)                                      (b)                                         (c) 
                          
(d)                                          (e) 
Fig.7. 4: Ground surface characteristics of BK7 glass for varying feed rate. 
 
The plastic deformation involved in chip formation generates heat causing an increase in 
glass surface temperature. The high temperature generated during high rate of material 
removal also account for (Fig.7.4 (d), and (e)) the spaced surface marks. These are 
considered to be initiated by the tensile stresses set up when surface starts quenching 
following the passage of tool (Koepke et al., 1969). The FESEM images also reveal that 
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the surface generated by the removal modes of brittle and ductile. It is difficult to 
quantitatively identify the effect of the grinding conditions on the surface characteristics 
using FESEM. 
 
7.3.2. Grinding Induced Subsurface Damage 
Usually the observation of surface shows no chipping or cracking on the ground surface 
except some scratches sometime. This situation gives an indication that grinding did not 
originate any damage to the work piece. However, it’s not the real fact. Due to 
pulverization in grinding, a layer of pulverized grains smeared over the work piece, 
which forms a makeup surface later on (Zhang et al., 2003). Subsurface damage of the 
ground specimens, which were prepared using the bonded interface sectioning technique, 
was examined using an FESEM. Fig.7.5 and 7.6 gives the FESEM images of ground 
surface and Fig.7.7 shows the numeric value of chipping damage and total damage under 
different grinding condition. As the damage value is not equally distributed throughout 
the surface, measurements have been taken at five different places and average of which 
is used as data point in Fig.8. It is noticed that chipping damage grows with the increase 
of depth of cut. With the further increase of depth of cut it shows jig jag trend of 
decreasing and increasing afterward. Chipping damage for higher depth of cut seems to 
more overwhelming and it might cover the total damage layer too. This fact can be 
explained as follows. As the depth of cut increases during grinding, the local contact 
force also increases and the number of contacting particles would also increase which 
leads to the possible removal of a segment of material containing a number of individual 
grains, rather than dislodgements of individual grain only. While removing this segment 
material, chipping damage no more depends on the depth of cut, which might be the 
reason of further reduction of chipping damage layer even with the increasing depth of 
cut (Agarwal and Rao, 2008). 
 
From Fig.7.5 and Fig.7.6, the effect of depth of cut on the subsurface damage can be 
revealed.  Chipping damage or pulverization is found to exist on the ground surface as 
found from figures. This chipping layer is an outcome of either intergranular or 
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transgranular micro-cracking due to localized stress field or shear stresses superimposed 
by hydrostatic compressive stresses induced by the abrasive grain. Usually when the 
fracture resistance in the grain boundary and in the grain has same level; the crack would 
always prefer to follow the shortest way and the fracture path would always be 
transgranular. The occurrence of intergranular fracture indicates that the fracture 
toughness of the grain boundary is lower than that of the grain and that it is energetically 
favorable for the crack to prefer the longer way around the grain. Lower loading rate 
usually promotes the intergranular fracture while the contribution of transgranular 
fracture increases at higher loading rates. In chipping damage, micron-sized glass grains 
are crushed into finer one (Collin and Rowcliffe, 2002). Although, it is not clearly seen in 
this lower magnification, later on higher magnification image reveal the crack path 
through the grain and along the grain boundary. It is also found that SSD of ground 
surface using lower spindle speed are much larger from Fig.7.5 and 76. This might be due 
to the fact that, the abrasive particles have certain mechanical load strength; they might 
be smashed under a certain wallop. Higher spindle speed will have usually higher 
probability to produce higher wallop. Under lower spindle speed the abrasives have a 
lower tendency to crash into further smaller pieces. As a result, larger size abrasives take 
part in the grinding and consequently produce larger sub-surface damage. 
                                               
(a)Depth of cut=2µm                               (b) Depth of cut=5 µm 
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(c)Depth of cut =10µm                                (d) Depth of cut =15 µm   
 
 
 
(e)Depth of cut =20µm  
 
Fig.7. 5: Sub-surface damage of Bk7 glass during micro-grinding varying depth of cut using spindle speed 
of 2500 rpm. 
 
 
            
       
                    (a)Depth of cut =2µm                               (b) Depth of cut =5 µm   
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(c)Depth of cut=10µm                                (d) Depth of cut=15 µm   
 
 
 
(e)Depth of cur=20µm  
. 
Fig.7. 6: Sub-surface damage of Bk7 glass during micro-grinding varying depth of cut using spindle speed 
of 2000 rpm. 
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Fig.7. 7: Effect of depth of cut on the chipping layer thickness and total damage depth. 
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The damaged layer found right underneath the machined surfaces seems likely to be 
generated by means of chipping manner. As shown in Fig.7.5 and 7.6, grain dislodgement 
seems to be contributing largely to the induction of this type of chipping layer. During 
micro-grinding process, the contact of an individual diamond particle with the glass work 
piece might produce this damage zone which contains distributed grain-boundary micro-
cracks. The dislodgement of individual grains resulting from the grain-boundary micro 
fractures consequently contributes to this damage layer. This fact might reveal that the 
chipping layers might be introduced by this grain dislodgements phenomenon. Apart 
from this, micro-cracks are also found to be existed while taken higher magnification 
view (as indicated by arrows) as shown later in Fig. 7.10 in the subsurface layer of the 
ground surface, usually under the chipping layer.  
 
In order to determine the total damage, it would be interesting to club together both the 
modes of damage known as total damage which contains both chipping and cracking 
layer. The depths of total damage layer measured from the FESEM images were plotted 
in Fig.7.7. It is found from the graph that with the increasing value of depth of cut the 
total damage depth also increasing initially. Then further increment of depth results in a 
dropping of total damage layer then finally again tends to increase. This trend is similar 
for both the spindle speed. As like chipping layer it is also noticed that the lower spindle 
contributes to higher depth of damage than higher one. 
 
      
(a)Feed=1 µm/min                     (b) Feed=10 µm/min 
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(c)Feed=25µm/min                     (d) Feed=50 µm/min 
 
 
(e)Feed=100 µm/min 
Fig.7. 8: Sub-surface damage of Bk7 glass during micro-grinding varying feed rate using spindle speed of 
2500 rpm. 
 
       
(a)Feed=1 µm/min                    (b) Feed=10 µm/min 
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(c)Feed=25µm/min                     (d) Feed=50 µm/min 
 
(e)Feed=100 µm/min 
Fig.7. 9: Sub-surface damage of Bk7 glass during micro-grinding varying feed rate using spindle speed of 
2000 rpm 
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Fig.7. 10: Effect of feed rate on the chipping damage depth and total damage layer thickness. 
 
The effect of feed rate on the sub-surface damages is found in Fig.7.8, 7.9, and 7.10. It is 
seen that the depth of damage decrease initially with the increasing feed rate. After this 
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initial reduction, this damage starts to grow again with the increase of feed rate. This 
trend is true for both chipping and total damage in case of different spindle speed also. 
This reduction of  depth of damage can be explain with the fact that using very low feed 
rate causes the generation of lower thickness of chip, consequently  introduce ploughing 
phenomenon and the contact time of PCD tool with the  surface also higher, which might 
cause the increased damage layer depth. As the feed rate increase, this contact time will 
reduce and rubbing of surface also decrease which cause this initial reduction of damage 
layer depth. It is found from Fig.7.10 that until 25µm/min, the damage layer has 
decreasing trends, after that it again starts to increase along with the increment of feed 
rate. This increasing tendency of damage layer is probably due to higher feed rate which 
causes the deeper penetration depth and deeper crack depth consequently it results the 
brittle mode cutting. As this is the case of glass grinding, slightly higher feed rate even 
can initiate cracking or damage layer (Gu et al., 2011). 
                
7.3.3. Subsurface Crack Configuration 
The amorphous structure of glass makes it brittle. Because glass doesn't contain planes of 
atoms that can slip past each other, there is no way to relieve stress. Excessive stress 
therefore forms a crack that starts at a point where there is a surface flaw. Particles on the 
surface of the crack become separated. The stress that formed the crack is now borne by 
particles that have fewer neighbors over which the stress can be distributed. As the crack 
grows; the intensity of the stress at its tip increases. This allows more bonds to break, and 
the crack widens until the glass breaks. Slip is the predominant mechanism of plastic 
deformation. The limited dislocation movement does not allow glass material to 
accommodate a large scale plastic deformation as what happens in metallic material 
before fracture. The very nature of grinding process can cause a continual introduction of 
fresh dislocations due to the shear stress. There should be a link between the introduction 
of new dislocations and crack nucleation (Zhang et al., 2003). 
Sub-surface cracks have been observed in the cross sectional view of the ground glass 
specimen (Fig.7.11) using higher magnification. Median, lateral and hertzian cone cracks 
have been reported as the major crack types when machining brittle materials. In the 
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cross section image shown in Fig. 7.11(a) the median and lateral cracks are found to be 
exist. These median cracks are perpendicular to the glass surface largely contribute to 
deeper the subsurface damage and potentially to some material removal thorough the 
interaction with the other cracks. The size of the median crack found from the FESEM 
image is nearly o.5 µm to 1.0 µm. The subsurface median cracks were found to be in 
deeper depth when the depth of cut increases. Lateral cracks were initiated and 
propagated by the residual stresses only close to the plastic deformation. By their 
geometry it is clear that the formation of lateral cracks will largely lead to the material 
removal and will contribute significantly to the observed surface roughness. The size of 
the lateral crack was found to be nearly 1 µm. Hertzian cracks are cone crack that will 
also contribute largely to the deeper sub surface damage and also the removal of some 
material through the interaction of some others cracks as well. From Fig.7.11 (e), the size 
of this category crack has been found to be nearly more than 2 µm. Hertzan crack arising 
at the edge of the compressed region followed by a conical propagation of the crack in 
material. Increasing the loading further generated the second third and additional similar 
cracks. It was demonstrated by Hertz that there was considerable scatter in the loads 
needed to cause such cracking with the fixed experimental geometry. 
 
Combined with the grain dislodgment evidence obtained from Fig.7.5, 7.6, 7.8, and 7.9, it 
is inferred that material removal of this glass is dominated by brittle fracture either by 
dislodgement or lateral cracking. As seen from Fig.7.11 (a), the pores are apparently 
visible because of the pulling off of the glass particles. These pores can be a reason of 
crack expansion and deepen the damage layer. 
A tortuous crack observed in the Fig.7.11 (h) was about to cleave several grains into 
pieces. The connection of median and lateral crack was arrested at the grain boundaries 
that hinder any further propagation of the crack in surroundings grains. The grain 
boundaries served a crucial role to confine the propagation of micro-crack and also 
pulverization process at local level. Because of unloading, lateral crack was produced 
before the median crack reached to its full depth. This lateral crack evident at the bottom 
of median crack tells that this median crack will not extends below it, which also suggests 
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that shielding has occurred. When considering grinding processes, sliding must be taken 
into account and friction between the tool grain and glass surface becomes important. 
This type of movement leads to a change in the stress distribution such that pick tensile 
stress is at the trailing edge of the particle. Fracture at the surface will then have the shape 
of ar which is also known as cone crack. Fig.7.11 (f) has shown the trailing indent crack. 
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                              (g)                                                              (h) 
       
Fig.7. 11: Micro-crack observed from the subsurface layer of BK7 glass. (G.D=grain dislodgement, 
P=Pulverization, M=Median crack, C=Cone, L=lateral) 
 
Observation has also been done on the ground surface. These surfaces look fracture free 
or ductile mostly. However, cross sectional microscopy still reveal subsurface cracks. 
This is very important observation. It leads to the fact that when machining brittle 
material likes glass, whether the machining is in ductile regime cannot be assured by only 
observing the machined surface. 
 
7.3.4. Analysis of Surface Roughness 
 In addition to the SEM image observation of damage layer surface roughness also act as 
an indicator of characterize the material removal process during grinding. Although the 
quality of surface generated during grinding largely dependent on the material properties 
rather than cutting condition during grinding of brittle material, still it can work as 
parameter to identify the sub-surface damage(Perveen et al.). The surface roughness data 
has been plotted in Fig.13 (a) and (b) with respect to depth of cut and feed rate. Each data 
point is an average of five measurements and the error bar indicated the maximum and 
minimum values of surface roughness. 
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Fig.7. 12: (a) Effect of depth of cut on surface roughness (b) effect of feed rate on surface roughness. 
 
It can be seen from the Fig.7.12 (a) that surface roughness increases initially with the 
increase of depth of cut and the decreases with the increases of depth of cut. This 
increased depth of cut would normally lead to the greater grinding force and thus worsen 
the surface finish. In other words, surface roughness value was supposed to be increased. 
The elevated temperature in grinding zone due to the increased depth of cut might explain 
the contradictory result of surface roughness. The increase of depth of cut makes the 
coolant penetration difficult into grinding zone and thus reduces the cooling effects. Thus 
might cause a local temperature elevation in the grinding zone, consequently soften the 
work pieces surface and thus promoting ductile mode cutting or reduce the brittle mode 
cutting. As a result a slightly improved surface finish is evident in the Fig.7.12 (a) even 
with the further increment of depth of cut (H. Huang, 2003). Obviously more effect is 
needed to take into account thermal aspects in the mechanism of material removal and 
damage generation. It can also be noticed that higher level of spindle speed also 
improved the surface roughness slightly. This surface roughness value shows the 
significant agreement with the grinding damage value for different value of depth of cut. 
 
Fig.7.12 (b) shows the effect of feed rate on surface roughness. It is found that with the 
increase of feed rate surface roughness initially get decrease and then finally starts to 
increase. Initial reduction can be explained with the rubbing effect due to the very low 
feed rate. With the increase of feed rate this rubbing effect is eliminated. Further increase 
(a) (b) 
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of the feed rate will cause the generation of higher chip thickness and brittle mode cutting 
initiate consequently resulting increment of surface roughness again. Again, using higher 
spindle speed can improve surface roughness a little also. This trend of surface roughness 
also shows good agreement with sub–surface damage, although this surface roughness 
cannot reveal the morphology of sub-surface damage.  
 
7.4. Concluding Remarks 
 
In order to develop an individual process, it is very important to know the subsurface 
damage induced by each machining process. Such knowledge for surface grinding of 
BK7 glass by on machine fabricated PCD tool has been provided by this study. 
The following conclusion can be drawn from the above studies. 
 Ground surface consists of four different areas (a) the smooth area; (b) the 
fracture area; (c) the smeared area; (d) the ploughing striations. 
 At low rate of material removal, the cutting points on the tool remove and expel 
the material from the machined surface in an efficient manner. At high rates of 
material removal however debris is not expelled efficiently and the debris 
generated from the cut must pass between the tool and machined surface and 
hence influence the machined surface and as well as sub-surface. 
 It is noticed that chipping damage grows with the increase of depth of cut. With 
the further increase of depth of cut it shows jig jag trend of decreasing and 
increasing afterward. Total damage also shows the same trends along with the 
change of depth of cut 
 It is also found that SSD of ground surface using lower spindle speed are quite 
larger. This might be due to the fact that, the abrasive have certain mechanical 
load intensity, hence they might be smashed under a certain wallop. Higher 
spindle speed will have usually higher probability to produce higher wallop. 
Under lower spindle speed the abrasives have a lower tendency to crash into 
further smaller pieces. As a result, larger size abrasives take part in the grinding 
and consequently produce larger sub-surface damage. 
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 It is found from the graph that with the increasing value of depth of cut the total 
damage depth also increasing initially. Then further increment of depth results in 
a dropping of total damage layer then finally again tends to increase. 
 It is seen that the depth of damage decrease initially with the increasing feed rate. 
After this initial reduction, this damage starts to grow again with the increase of 
feed rate. This trend is true for both chipping and total damage in case of different 
spindle speed also.  
 During micro-grinding process, the contact of an individual diamond particle with 
the glass work piece might produce this damage zone which contains distributed 
grain-boundary micro-cracks. The dislodgement of individual grains resulting 
from the grain-boundary micro fractures consequently contributes to this damage 
layer. This chipping layer is an outcome of either intergranular or transgranular 
micro-cracking due to localized stress field or shear stresses superimposed by 
hydrostatic compressive stresses induced by the abrasive grain. Usually when the 
fracture resistance in the grain boundary and in the grain has same level; the crack 
would always prefer to follow the shortest way and the fracture path would 
always be transgranular. 
 Grinding induced subsurface crack exhibit different configuration likely median 
lateral, branch, and cone. These crack size is found to be nearly 1µm. Subsurface 
crack may exist under those ground surface which look even fracture or damage 
free by the microscopic observation. 
 It can be seen that surface roughness increases initially with the increase of depth 
of cut and the decreases with the increases of depth of cut. It is found that with the 
increase of feed rate surface roughness initially get decrease and then finally starts 
to increase. This trend of surface roughness also shows good agreement with sub–
surface damage, although this surface roughness cannot reveal the morphology of 
sub-surface damage.  
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Chapter 8 
Modeling of Vertical Micro Grinding  
 
8.1 Introduction 
Although there has been a lot of research on conventional grinding, very little knowledge 
has been accumulated on micro scale grinding due to the fact that it is an emerging field 
of research.  This micro scale grinding is sharing some aspects with the conventional 
grinding. Grinding process is a complex process due to its multi-cutting points and also 
because it is influenced by numerous parameters as well. The early grinding models 
developed are based on the parameters such as wheel and work piece velocity, depth of 
cut and grit size of the grinding wheel. Those early models showed that the grits penetrate 
and cut the material from the work piece surface and the generated grinding forces are 
proportional to the material removal. However those models are not suitable for micro 
grinding because of mode of material removal and the method of contact between 
surfaces are different from the macro scale method. Due to the small feed rate used in 
glass machining, ploughing force needs to be considered in addition to the chip formation 
force. 
 Micro scale grinding process apparently resembles the conventional grinding in terms of 
its stochastic nature. It is distinctive in view of size effect on the interaction between a 
single grit and work piece. So the analytical model considering individual grit interaction 
is a critical factor in micro grinding process. This single grit interaction can be 
characterized by micro cutting with a high negative rake angle at high strain rate. The 
size effect can be applied through the coupling of micro cutting and ploughing 
mechanism with the associated friction effects within the single grit interaction for the 
micro grinding process(Kopalinsky and Oxley, 1984; Oxford; UK; 9-12 Apr.; Shaw, 
2003). 
The normal force generated during grinding is related to the actual area of contact 
between surfaces, grit density and force generated per grit.  Hence, the model 
development can be subdivided into several steps as follows. 
Modeling of vertical Micro Grinding 
 143 
 
 Modeling of  chip formation 
 Modeling of chip formation force for individual grain 
 Modeling of  ploughing force for individual grain 
 Modeling of  Grinding force 
8.2 Modeling of chip formation 
 
Grinding tool topography plays an important role in the interaction between tool and 
work piece during chip formation. The most relevant tool surface parameter that governs 
the chip formation process is the number of dynamic cutting edges engaged in work 
pieces during machining process. The number of cutting edge is the base to estimate the 
whole tool surface performance based on the understanding of the local grain effects. For 
instance, the total grinding force can be deduced from the total number of active grains 
multiplied by the average grain force. 
 
Again the number of dynamic cutting edges not only depends on the distribution of static 
cutting edge but also depends on the kinematics grinding conditions and dynamic 
grinding effects. The static number of cutting edges depends on the grain size, wheel 
porosity and dressing condition. 
The static cutting edge density function is depicted as following(Hecker et al., 2003). 
 
Cs(z)= A Z
 k  ………….. ……………………………………………………….. 
(1)
 
Where Cs(z)= Static cutting density(mm
-2
) 
A= Empirical constant 
Z=Radial distant measured into the wheel (µm) 
 
The static density of Eqn.(1) is modified  due to the inward deflection δ, as the normal 
force developed by the grain engagement. This deflection is considered to be a local 
effect for every grain. Hence, the original coefficients A and K are not considered to be 
affected, while the new inputs to the static grain distribution function can be evolved in 
order to take care of this deflection is  as follows(Shaw, 1996). 
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Z’=Z+ δ 
 Hence, Eqn.(1) can be written as follows. 
Cs(z’)= A (Z’)
 k   …………………………………………………………  
(2)
                      
 
 
As because every active cutting edge removes a space of material and those grains behind 
and near the active one could not get any material to remove, reduction of cutting edges 
takes place. It is considered that each active grain produces a 3-D shadow that reduces the 
active zone volume on the wheel periphery, where active grains are found. Hence, the 
active cutting edge density  deduced by  Heckar et al (Hecker et al., 2003) is as follows. 
 
Cd(z’)= Cs(z’)(1-Vsh/Vt) ………………………….. (3) 
 
Vt= total volume on the periphery of the wheel engaged in the work piece 
Vsh= total kinematic shadow volume generated by active cutting edge 
Vsh/Vt   represents a reduction in the possibilities for each cutting edge to find material to 
remove in its path and consequently considered as active. 
 
Grits on the wheel active surface becomes either active or inactive depending on the 
contact between the wheel-work asperities. Increasing the area of contact increases the 
number of grits in action. Moreover, the benefit of micro-grinding is that the grain 
density per unit area remains constant throughout the process which can produce more 
uniform material removal from the work piece.  
 
After dressing the PCD tool using Block EDM process, the cutting edges on the grain can 
be considered as equivalent to a spherical edge based on another assumption that one 
grain only acts as one cutting edge. The diameter of equivalent spherical grain can be 
determined from the geometrical interaction between tool and work piece which can be 
deduced later on. Firstly, the diameter of the grain contact circle cd  can be deduced  as 
follows(Verkerk and Peters, 1977). 
cd = cc ba ……………………………………………………………………..……… (4) 
Modeling of vertical Micro Grinding 
 145 
Where,  ca  is the maximum contact length of grain in the cutting direction and cb  is the 
cutting width of the grain cd diameter of contact grain circle.  
 
When the cutting depth of grain t is available, the diameter of the equivalent grain geqd  
can be determined from the geometry as follows. 
 
tdt c /))2/((d  
22
geq  ……………………………………… (5) 
Usually the size of the dressed grain will be smaller than the original one, but this 
equivalent grain diameter of the cutting edge can be smaller or larger than the original 
diameter of the grain. The equivalent grain diameter depends on the shape of the grain 
and depth of cut of the grain (Hecker et al., 2003). 
 
Vertical surface micro-grinding can be compared to the face milling operation, wherein 
the cutter rotates in the horizontal plane with the work piece being fed into it. Fig. 1 
shows the schematic diagram of the vertical micro-grinding process where the pattern of 
chip formation with a continuous tool has been given as well. 
 
 
 
 
 
 
 
 
 
 
 
(a)                                         (b) 
Fig.8. 1.Vertical surface grinding (a) schematic diagram (b) Chip formation. 
Work piece 
PCD tool 
Grain 
2

 
2/geqd  
t  
t  
h  
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The unreformed chip thickness h increases from zero to a maximum value as a grain 
takes an approximate circular path. The feed per grain s is calculated to be )/( )'( VCv zd  
where, v  is the table feed and V  is the PCD tool rotational speed and )'( zdC  is the linear 
dynamic grain density. From Fig.1 (b), the arc length 'l  can be written as follows. 
tddl geqgeq  2/
'  ………………………………………….. (6) 
 
Where, t is the depth of cut.  Now, putting the value of geqd from Eqn. (5) in Eqn.(6). 
 
))2/(( 22' cdtl  …………………………………………….. (7)  
 
(a) 
 
 
(b) 
Fig.8. 2.(a) Schematic diagram of the vertical micro grinding (b) actual chip shape (c) idealized chip shape. 
 
 
Modeling of vertical Micro Grinding 
 147 
Now the length of the chip l during the micro-grinding of work pieces of width equal to 
the tool diameter D can be evaluated from the Eqn. below. 
Dl  ……………………………………………………..……………… (8) 
    2/122/121 )2/(1/)/(1cos DBDBDB   ………………………… (9) 
From the Eqns. (8) and (9), value of l can be deduced as follows. 
 
  2/12)2/(1 DBBl  ……………………………………………………..... (10) 
 
 The cross sectional area of the chip mA  can be deduced from the Fig. 2(b) as follows. 
th
d
td
hddhddA
geq
geq
geqgeqgeqgeqm 

 )
2
()
2
(
22





 …………….. (11) 
And now the volume of chip chipV  can be calculated from the cross sectional area Am and 
the length of chip l. 
 
2
1
2
)
2
(1 






D
B
tBhlAV mchip ……………………………………………. (12) 
Therefore the volume of chip material chipVol  removed in time τ can be expressed as 
follows. 
2
1
2
)'( )
2
(1 






D
B
tBhVCVol zdchip  …………………………………….…… (13) 
Again, the volume of the material removed from the work piece wpV  during the same 
machining time τ can be expressed as follows. 
vtBVwp  ……………………………………………………………..…… (14) 
 A different approach to calculating the undeformed chip thickness is based on making 
material balance between of the chips produced at the cutting points and the overall 
removal rate. Hence, equating the volume expression from the Eqns. 13 and 14 gives the 
mean undeformed chip thickness(Srihari and Lal, 1994). 
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2
1
2
)'( )
2
(1 







D
B
VC
v
h
zd
…………………………………………………… (15) 
where h  undeformed thickness  v Feed rate = spindle speed work piece
width tool diameter )'( zdC dynamic cutting edge density. 
From this undeformed thickness h  the line spacing, L, between successive cutting points 
can also be determined. Now, if the average effective cutting width for each cutting point 
can be denoted as cb , the number of cutting points Ng  around any line  on the PCD tool 
periphery is equal to )'( zdC  times the area given by the tool circumference multiplied by 
the effective cutting width (Malkin, 1989)  
)()'( czdg bDCN  …………………………………………..……...…  (16) 
As 
L
d
N
geq
g

 ………………………………………..………….……..... (17) 
 The line spacing can also be derived  
czd bC
L
)'(
1
 ……………………………………………………………….. (18) 
Hence, the expression for hip thickness h  and number of cutting edge gN  can be 
deduced from this section. 
8.3. Modeling of chip formation force for individual grain 
 
Basuray et al have related the transition point from the ploughing to microchip formation 
to a critical rake angle. According to the geometrical relationship, the critical rake angle 
can be expressed by the minimum undeformed chip thickness and the cutting edge radius 
as follows (Basuray et al., 1977). 
)
2
(sin 1
geq
geq
cr
d
hd 
  …………………………………………………... (19) 
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Where cr  is critical rake angle, h  is minimum chip thickness, geqd  is the equivalent 
grain diameter. 
In the micro grinding, the instantaneous rake angle is obtained from a geometrical 
relationship as follows. 
geq
geq
s
d
hd )2(
sin 1

  ………………………………………………………..(20) 
Where h is the undeformed chip thickness 
Above the minimum uncut chip thickness, the micro-cutting mechanism can be 
represented by using Merchant’s model to each of the infinitesimal elements. let us 
consider an element of undeformed chip thickness, hd , being cut at a position  
corresponding to the associated local rake angle, a pair of chip formation and thrust 
forces can be  related with the friction and rake angle as shown in Fig. 3. Therefore, the 
incremental micro-cutting force cgxdf  in the two dimensional simplified configuration 
can be expressed as the following Eqn.(Liu and Li, 2001; Son et al., 2005).  
 
 
 
Fig.8. 3.The relationship between infinitesimal cutting and tangential force. 
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1
)cos(sin
)cos(
hddf
s
cgx




 …………………………………... (21) 
Here cgxdf  is the incremental cutting force, s  is the shear strength of the material,   is 
the friction angle, and  is the shear angle. The grain shape is assumed to be 
approximately spherical shape in order to model the single grit interaction. The cross 
section area of an ideal spherical shape grain dA between the increment of depth of cut 
and rake angle is given as follows: 
2
.cos
.cos)2/(2
22
22 
dd
dddA
geq
geq  …… …………….……. (22) 
 Hence the total chip formation force per grain cgxf  can be deduced as follows. 
 





ddf geq
s
cgx
s
cr
.cos
)cos(sin2
)cos( 22
 

 …… ………………… (23) 
 he incremental normal force cgydf can be expressed in term of  cgxf  as follows. 
)tan(   cgxcgy dfdf ………………………………………………..(24) 
 Finally, the overall expression for normal force per grain can be expressed as follows. 





ddf geq
s
cgy
s
cr
.cos
)cos(sin2
)sin( 22
 

 ………………………….. (25) 
8.4. Modeling of ploughing force for individual grain 
 
The work piece material below the minimum undeformed chip thickness experiences a 
different phenomenon in the micro scale grinding process. In this region, the material is 
plastically deformed in the front of the grit without formation of chips. The plastic 
deformation is known as ploughing force and this force developed during single grain 
interaction can be formulated by the association of this process with the Brinell hardness 
test. The Brinell hardness number, HB, is defined as the ratio of the load brnlf  to the 
curved area of indentation(Shaw, 1972). 
Modeling of vertical Micro Grinding 
 151 
)(
2
22 bddd
f
HB brnl



……………………………………………… (26)  
Where d is the diameter and b is the diameter of impression. 
In our analysis, the indentation force acting in the direction of cr  with respect to the 
normal direction is attributed to the ploughing force. The total tangential and normal 
ploughing force per grain can be calculated by combining the indentation effect with the 
friction reaction as follows. 
)cos(sin  pbrnlpgy ff  ………………………………………….. (27) 
)sin(cos  pbrnlpgx ff  ………………………………….……….. (28) 
Here p  is the ploughing friction coefficient. 
 This ploughing friction coefficient p can be estimated using extended predictive model 
of Goddard and Wilman  and Sin and Suh as follows(Goddard and Wilman, ; Sin et al., 
1979)  

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
 …………………….. (29) 
  Where, w is the width of indentation is equivalent grain iameter  
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Fig.8. 4  Micro-scale grinding force
8.5. Modeling of grinding Force 
Total grinding force per grain can be calculated by combining the cutting force and 
ploughing force together. 
pgycgyn fff  . 



  



ddf geq
s
n
s
cr
.cos
)cos(sin2
)sin( 22 )cos(sin  pbrnlf  …….. (30) 
pgxcgxt fff   
)sin(cos.cos
)cos(sin2
)cos( 22 




pbrnlgeq
s
t fddf
s
cr



  …… … (31) 
Traditionally, the shear angle solution from Ernst and Merchant model has been widely 
used. In this model we have also used that expression of Ernst and Merchant model as 
follows(Merchant, 1945)  
 

 
2
1
4
…………………………………………………………… (32) 
 
The resulting force resF  in vertical grinding can be resolved into three components, the 
normal force nF , the longitudinal force lF  and the transverse force tF  as shown in Fig.8.4. 
These forces can also be thought of as the sum of the individual grain force along the 
PCD tool and work piece interface and can be written as follows. 
2
cos)(
1

i
N
i
nn
g
fF 

 …………………………………………………………… (33) 
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……………………………………… (35) 
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Here gN  is the number of active cutting edge  nf  and tf  are the normal and tangential 
forces on a single grain. 
 It is clear from the Fig.8.4 that second term on the right hand side of the Eqn. 34 and the 
first term on the right hand side of Eqn. 35, are zero when integrated over the path AB. 
Hence become reduced to the following format. 
i
i
N
i
tt
g
fF )cos()(
1


 ………………………………………………………..…. (36) 
i
i
N
i
tl
g
fF )sin()(
1


 ……………………………………………………….…… (37) 
Alternatively, these three Eqns  can be written in following way. 
 
geq
gnn
d
t
D
B
NfF  1 …………………………………………………….......... (38) 
D
B
NfF gtt  …………………………………………………………… ……….. (39) 
geq
gnl
d
t
D
B
NfF  ……………………………………………………………… (40) 
8.6. Simulation and verification of the model 
 
This newly developed analytical model considering the grain interaction for micro-
grinding has been simulated and compared with the experimental results. 
Typical average values of grit size for the grinding tool have been deduced by using the 
formula derived by previous researchers. In this study, the dynamic grain density has 
been taken from the literature value (Li and Liao, 1997). The values of grain length and 
width involved in cutting have been assumed to calculate the average grain diameter.  
Then, the values of grain depth have been used to calculate the equivalent grain diameter 
dgeq. Again, using the spindle speed, dynamic cutting edge density value and feed date, 
undeformed chip thickness values have been calculated. For different feed rate values, 
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there will be several undeformed chip thicknesses, the lowest one has been chosen as 
minimum undeformed chip thickness. 
 
Now, as we know both the chip thickness value, and equivalent grain diameter, rake 
angle can be deduced using these two parameters from Eqn.20.  In addition, chip 
formation force for each grain has been calculated from Eqns. 23, 24, and 25 using MAT 
LAB simulation where properties of BK7 have been used.  As, the rake angle is already 
known, ploughing force for each grain can also be calculated using Eqns. 27 and 28.  The 
cumulative value of chip formation and ploughing force will give the total force per 
grain.  Total grain on the tool periphery has been calculated using Eqn. 16. Finally, using 
Eqns.38, 39 and 40, it has been possible to calculate the predicted force value for 
different depth of cut and different feed rate. 
  
The predictions of micro grinding forces were obtained on the basis of the above 
equations derived and micro grinder tool specifications. Then the model verification was 
conducted on the basis of comparing overall micro grinding components for PCD tool of 
diameter 670µm. In case of experiment, to measure the micro scale grinding forces during 
surface micro-grinding the Kistler dynamometer is used. 
The comparison of predicted force value and experimental force value are given in 
Fig.8.5 and Fig.8. 6. 
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Fig.8. 5.Effect of depth of cut on the micro grinding force 
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       (c) 
Fig.8. 6.Effect of feed rate on the micro grinding force. 
 
From the figure 8.5 and 8.6, it can be observed that the trends of predicted force is quiet 
similar with the experimental data set. In case of varying depth of cut, predicted force 
along x and z axis show quite good agreement with the experimental values, though force 
in y axis show larger difference with the experimental data  for higher depth of cut value. 
It is also found that, for lower depth of cut, predicted and experimental value shows 
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better agreement than that of higher depth of cut value. In case of varying feed rate, the 
predicted values also show good agreement with the experimental one.  In addition, it is 
found that difference between experimental data and predicted data is larger in case of 
lower feed rate. 
Reasons of discrepancy can be considered as follows. 
 The effects of trapped chips 
              During micro grinding, some of chips generated are paste on the machined  
               surface and then trapped between the tool and machined surface. These chips  
      prevents the engagement of the cutting edge with the uncut surface thus    
               reducing the active cutting grain amount. Therefore the dynamic cutting edge   
      might vary from the actual one. 
 The rigidity of micro-grinding wheel 
Another source of error might arise from the tool stiffness. Usually the micro-
grinding tool has low value of stiffness which may cause the elastic deflection 
during machining process. Due to this deflection, micro grinding process can be 
affected. 
 Lower force value 
   The force value is less than 1 N. Hence the percentage of errors is high as   
   fraction of force even counts here. 
 Non-conductivity of work piece 
   As the W/p is non-conductive, temperature rise may be significant here which is  
   not considered in the model. 
 
8.7 Statistical analysis  
In order to understand the variation between predicted and experimental data, Paired T-
test has been performed considering 95% significance level, using both sets of data using 
the following hypothesis. 
 Null hypothesis- if the difference between data set=0 
 Alternative hypothesis- if difference between data set ≠0 
 Now if P value <0.05, null hypothesis is rejected 
 if P value> 0.05; null hypothesis  is accepted 
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Table 8. 1  
 
    
P (varying 
depth of cut)  
0.1090 0.1002 0.84271 
P  (varying 
feed rate) 
0.249 0.3315 0.7148 
 
Test result showed the P value is always greater than 0.05 proving that there is not much 
statically difference between experimental and predicted data set. Hence the predicted 
value seems well accepted. 
8.8. Concluding Remarks  
 
 This study presented a predictive method for quantification of micro scale 
grinding process based on physical analysis of the process. 
 In this model, forces are expressed as function of the process configuration, work 
piece material properties, and micro-grinding tool topography. 
 This model includes single grain interaction approach considering both chip 
formation and ploughing force. 
 The model was validated by comparing predicted and experimental values. The 
comparison suggests that the prediction driven by the model captures the main 
trends of experimental data although there is some discrepancy still exist which 
can be attributed to the effect of microstructure on the material properties and 
temperature effect. 
 Statistical analysis was performed to evaluate the model discrepancy which shows 
the model is significantly accepted. 
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Chapter 9 
Conclusions, Contributions and Recommendations 
 
 
This chapter includes the conclusions derived from the fundamental analysis of the 
micro-grinding of glass using on machine fabricated PCD tool, the contributions of the 
thesis in the field of precision finishing and future recommendations. 
9.1 Conclusions 
The conclusions obtained from the fundamental analysis of micro-grinding of glass using 
on-machine fabricated PCD tool are grouped under the following categories: 
1. Parametric studies of PCD tool fabrications and selection of optimum parameters 
for micro-grinding of glass. 
2. Fabrication of different possible and useful shape of tool in a single set up and 
comparison of the performance of these tools. 
3. Analysis of tool wear  
4. Analysis of sub-surface damage generated 
 
9.1.1 Experimental Studies of Micro-Grinding of Glass 
 
A comparative analysis on the micro-grinding performance of three commonly used glass 
materials: Lithosil, BK7 and N-SF14 glass was carried out using an on-machine 
fabricated PCD tool. The effect of micro-EDM conditions on tool fabrication, and its 
performance during microgrinding was studied. In addition, the effects of grinding 
parameters on cutting forces and surface roughness were investigated. Following 
conclusions can be drawn from this experimental investigation: 
 The micro-EDM parameters have significant influence on the surface roughness 
and performance of the fabricated PCD tool during glass micro-grinding. 
Considering the machining time, optimum parameters for micro-EDM was found 
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to be 120 V, 1000 pF and 30 µm feed length. Nevertheless, better surface 
roughness required the consideration of lower energy level. During the fabrication 
of PCD tool using micro-EDM, lower discharge energy produces smoother 
surface on the PCD tool, which generates smaller chips on the glass surface 
during microgrinding and eventually generates better surface finish. 
 The increase of axial depth of cut and feed rate results in increase of cutting 
forces along all axes, though some variations of forces are observed. Surface 
roughness was found to increase with the increase of axial depth of cut and feed 
rate. An axial depth of cut of 2 µm and feed rate of 1 µm/min were found to be 
optimum in terms of cutting forces and achieved surface finish. 
 The cutting force is higher in case of Lithosil glass followed by BK7 compared to 
N-SF14. The BK7 glass showed intermediate behaviour by generating moderately 
lower cutting forces and causing lesser adhesion of glass chips at the bottom of 
PCD tool.  
 For the slots machined by microgrinding using PCD tool, surface roughness is 
lowest at the middle of the slot with an increasing trend along the corners of the 
slots. In addition, some traces of scratching and dragging track were observed at 
the middle portion of the machined slot, especially in N-SF14 glass materials, as 
brittle mode cutting regime was found to dominate in this region. 
 BK7 glass has better machinability during microgrinding with on-machine 
fabricated PCD tool based on cutting force and surface roughness analysis. 
Finally, smooth and defect-free surface with lowest average surface roughness of 
12.79 nm has been achieved in the microgrinding of BK7 glass using micro-
EDM-fabricated PCD tool. 
 
9.1.2. Effects of Cutting Tool Geometry on the Glass Micro-grinding 
Process 
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In this study a comparative analysis on the micro-machining performance of four 
different geometry PCD tools: circular, D-shaped, triangular, and square on BK7 glass 
was carried out. In addition, the effect of tool geometry on the cutting forces surface 
roughness and tool wear were investigated during the glass micro-machining. Following 
conclusions can be drawn from this experimental investigation: 
 
 With the concept of block micro-EDM and using the specifically designed block, 
microelectrodes of conical, triangular, square or rectangular, circular and D-
shaped tool have been fabricated successfully in single set up. Using this 
specifically designed block has been established to be a feasible method for the 
fabrication of microelectrodes of few tens micrometer. 
  D-shaped tool experienced lowest cutting force along X and Y-axis, whereas 
triangular tool has experienced lowest force along Z-axes. Both square and 
circular tool generated quite high cutting forces along Z and X-axis during micro-
grinding, though along all axes square tool experienced highest cutting force. 
Comparatively lower cutting force along Y-axis has been observed for triangular 
tool than square one. 
 For the groove machined by micro-grinding using PCD tool, surface roughness 
showed considerable change from circular tool to others. Small particles, which 
were present on the surface machined by circular tool, were almost absent in case 
of surface machined by other tools. Lowest average surface roughness has been 
achieved using square tool and little higher in case of d-shape tool. Due to higher 
peak density on the machined surface by triangular tool resulted in higher average 
and maximum surface roughness. Moreover, side surface of machined groove 
using d-shape tool was much better than square or triangular tool, whereas 
circular tool demonstrated the best result. 
 Square and triangular tools experienced more wear compared to circular and D-
shaped tools due to the tendency of tool edge blunting. 
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 Finally, D-shape tool demonstrated better performances among all the tools in 
terms of cutting force, roughness value, side surface and wear rate. 
9.1.3. Analysis and Monitoring of Wear of PCD Micro-tool  
 
Micro-grinding of BK7 glass has been performed using on-machine fabricated PCD 
micro-tool in order to investigate the tool wear mechanism and tool condition monitoring 
under the same cutting conditions. From the results presented, the following conclusions 
can be drawn. 
 It was found that the consequences of the tool wear are the diameter reduction as 
well as length reduction. Again, the G ratio for this PCD micro tool was found to 
be nearly 940. Basically, two types of tool wear have been detected. One is edge 
chipping at the tool rim which is actually responsible for radial reduction of tool 
as well. Chip accumulation at tool and work pieces interface causes built up edge 
formation and gradually this built up edge grows larger in size, becomes unstable 
then eventually breaks up. This process of built up edge is repeated continuously 
during the cutting process and the number of edge chipping is getting increase 
with the machining time. Nearby chipping edge gets superimposed and create 
bigger area of chipping. In addition, abrasive wear which occurs due to the faster 
and weaker grain boundary break down and then creating some inter-granular 
crack. These cracks propagate through the groups of grain or grain boundary 
causing the diamond grain spalling and form wear region. 
 The effect of tool wear on the surface roughness is found to be significant through 
the micro-grinding experiments of BK7 glass using PCD micro-tool. In some 
conditions, the Ra value increases several times with the tool wear progress, 
which makes it necessary to consider tool wear along with other cutting 
conditions to contribute to surface roughness as well as cutting forces. Depending 
on the surface roughness value of ground channel, tool wear progress can be 
divided into 3 stages where, in initial stage tool suffers insignificant wear, then 
intermediate wear condition and finally severe worn out tool. Huge pitting on the 
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bottom surface, drastically chipped side wall, noticeably longer center line, and 
double side wall lining are the major phenomena on the machined surface due to 
the severe tool wear. 
 Generated chips have effect on tool wear and surface roughness but analysis of 
chips morphology during different time of machining cannot be related to the 
actual tool wear condition. 
 Observation of normal grinding force can give indication of the tool conditioning 
during grinding process only but it cannot be perfectly related to the severity of 
tool wear. Continuous monitoring of AE signal is found to give an indication of 
tool topographic condition, i.e. sharpness and bluntness of PCD cutting edge 
during micro-grinding. Moreover, this signal can also envisage minor and major 
tool chipping conditions. Hence, monitoring the AE signal can be a plausible way 
of monitoring on-machine fabricated PCD tool condition. 
 
 
9.1.4. Analysis of Sub-surface Damage (SSD) Generated 
 
In order to develop an individual process, it is very important to know the subsurface 
damage induced by each machining process. Such knowledge for surface grinding of 
BK7 glass by on-machine fabricated PCD tools has been provided by this study. 
The following conclusion can be drawn from the above studies. 
 Ground surface consists of four different areas (a) the smooth area; (b) the 
fracture area; (c) the smeared area; and (d) the ploughing striations. 
 At low rate of material removal, the cutting points on the tool remove and expel 
the material from the machined surface in an efficient manner. At high rates of 
material removal however debris is not expelled efficiently and the debris 
generated from the cut must pass between the tool and machined surface and 
hence influence the machined surface and as well as the sub-surface. 
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 It is noticed that chipping damage grows with the increase of depth of cut. With 
the further increase of depth of cut it shows jig jag trend of decreasing and 
increasing afterward. Total damage also shows the same trends along with the 
change of depth of cut 
 It is also found that SSD of ground surface using lower spindle speed are quite 
large. This might be due to the fact that, the abrasives have certain mechanical 
load intensity; hence they might be smashed under a certain wallop. Higher 
spindle speed will have usually higher probability to produce higher wallop. 
Under lower spindle speed the abrasives have a lower tendency to crash into 
further smaller pieces. As a result, larger size abrasives take part in the grinding 
and consequently produce larger sub-surface damage. 
 It is found from the graph that with the increasing value of depth of cut the total 
damage depth also increasing initially. Then further increment of depth results in 
a dropping of total damage layer then finally again tends to increase. 
 It is seen that the depth of damage decrease initially with the increasing feed rate. 
After this initial reduction, this damage starts to grow again with the increase of 
feed rate. This trend is true for both chipping and total damage in case of different 
spindle speeds also.  
 During micro-grinding process, the contact of an individual diamond particle with 
the glass work piece might produce the damage zone which contains distributed 
grain-boundary micro-cracks. The chipping layer is an outcome of either 
intergranular or transgranular micro-cracking. Usually when the fracture 
resistance in the grain boundary and in the grain has same level; the crack would 
always prefer to follow the shortest way and the fracture path would always be 
transgranular. 
 Grinding induced subsurface crack exhibit different configurations like median 
lateral, branch, and cone. The crack size is nearly 1µm. Sub-surface crack may 
exist under those ground surface which look even fracture or damage free by the 
microscopic observation. 
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 It can be seen that surface roughness increases initially with the increase of depth 
of cut and the decreases with the increases of depth of cut. It is found that with the 
increase of feed rate surface roughness initially decreases and then finally starts to 
increase. This trend of surface roughness also shows good agreement with sub–
surface damage, although this surface roughness cannot reveal the morphology of 
sub-surface damage.  
9.1.5. Modeling of vertical micro-grinding 
 This study presents a predictive method for quantification of micro scale 
grinding process based on physical analysis of process. 
 In this model, forces are expressed as functions of the process configuration, 
work piece material properties, and micro-grinding tool topography. 
 This model includes single grain interaction approach considering both chip 
formation and ploughing force. 
 The model has been validated by comparing predicted and experimental 
values. The comparison suggests that the prediction driven by the model 
captures the main trends of experimental data.  
 Statistical analysis confirms the validity of the model. 
 
9.2 The Research Contribution 
The contributions of the thesis in the field of the precision grinding have been classified 
and discussed in the following categories. 
 
9.2.1 The Approaches and Analysis on this New type of Micro-
grinding 
 
 The approaches used in this thesis for the prediction of effectiveness of 
micro-grinding of glass techniques have never been reported earlier. The 
investigation conducted in this thesis will be certainly helpful for the PCD 
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users to understand the importance of choosing fabrication parameters that 
works in better associations with the grinding parameters and to utilize 
the full effectiveness of the PCD tool for precision finishing of brittle material 
like glass. 
 In this thesis, block EDM process has been approache  as microgrinder 
fabrication method and  dressing  method as well which can facilitate 
fabrication of  different shapes and sizes tools in single set up. To the best 
knowledge of author, no or  few studies cond ted elsewhere on the 
microgrinding of glass using PCD tool fabricated  by block EDM. 
 
 The investigation conducted in this thesis on the wear progression and 
mechanism, wear rate of PCD tool while glass micro-grinding have never 
been done before. The relation among tool wear, cutting force and AE signal 
are entirely new and useful analysis, which are more essential to necessitate 
offline dressing for tool wear compensation.  
 
 The investigation conducted on the sub-surface damage revels the behavior of 
PCD tool during micro-grinding. This knowledge of damage generation 
promotes the importance of selecting optimum parameters for machining of a 
particular work pieces. 
 
 An modified analytical model for the prediction of cutting force for the 
microgrinding of glass using this PCD tool with extreme fine grain size has 
been established considering various process parameters. So far, very few 
studies have been reported on the modeling of micro-grinding process. 
Therefore, this modeling can have significant contribution in the area of 
microgrindging. 
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9.3 Recommendations for Future Research 
 
This micro-grinding of glass using on-machine fabricated PCD tool is a new technique 
which needs to be analyzed and improved further. Some of the future directions are 
proposed as follows. 
 Tool wears monitoring and wear compensation 
Tool wear is responsible for achieving profile accuracy of ground components. 
Profile accuracy of ground components has much more room for improvement 
and so there are many possibilities for development from this research .Hence, 
online tool wear monitoring and compensation are essential steps to perform in 
order to maintain the geometrical accuracy of machined parts. This way the 
desired profile can be achieved with less error. 
 
 Vibrations assisted micro-grinding 
Till now combined effect of ultrasonic vibration with grinding of metal has 
proven to improve machining results. Even, combined with grinding process the 
ultrasonic vibration was found to improve the machining force for ceramics now a 
day. It was found to reduce the normal force component along with slightly 
increase tool wear. Hence for glass materials, vibration assisted micro-grinding 
using on-machine fabricated PCD has room for further improvement.  This 
ultrasonic assisted grinding can be applied as an efficient production technology 
in the current process condition. 
 Grinding of Si wafer using PCD tool 
As silicon is semiconductor which cannot be machined using micro-EDM 
properly, grinding of silicon wafer using PCD tool can be a good idea to look 
into. The exploration of silicon wafer grinding using on-machined fabricated PCD 
tool will be very interesting area to be explored. 
 Temperature aspect of Grinding 
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One of the influential considerations in ductile mode grinding process is the effect 
of temperature. In ductile mode cutting energy consumed in plastically deforming 
and removing the material is eventually converted into heat energy. This heat 
content can be significant and may influence material properties in the cutting 
zone. The future works may consider this temperature effect of grinding using this 
on machine fabricated PCD tool. 
 Modification of the Force model 
Temperature aspect has not been considered in the force model, which can be 
incorporated in the model as a part of future work. For making the model less 
complex, single row of grain are considered to be involved in the cutting which 
can be extended further for the more than one row of grain involvement in future 
work.
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